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An aerogel precursor sol is disclosed herein. This aerogel precursor sol comprises a metal-based aerogel 
precursor reactant and a first solvent comprising a polyol; wherein, the molar ratio of the first solvent 
molecules to the metal atoms in the reactant is at least 1:16. Preferably, the first solvent is glycerol. 
Preferably, the aerogel precursor reactant may selected from the group consisting of metal alkoxides, at 
least partially hydrolyzed metal alkoxides, particulate metal oxides, and combinations thereof. 
Typically, the molar ratio of the first solvent molecules to the metal atoms in the reactant is no greater 
than 12 : 1, and preferably, the molar ratio of the first solvent molecules to the metal atoms in the 
reactant is between 1 : 2 and 12 : 1. In some embodiments, the molar ratio of the first solvent molecules 
to the metal atoms in the reactant is between 2.5 :1 and 12:1 . In some embodiments, the first solvent 
comprises a glycol. In some embodiments, the reactant is tetraethoxysilane that may be at least partially 
hydrolyzed. In some embodiments, the first polyol is selected from the group consisting of 1 ,2,4- 
butanetriol; 1,2,3- butanetriol; 2 methyl-propanetriol; and 2-(hydroxymethyl)-l,3-propanediol; 1-4, 1-4, 
butanediol; and 2-methyl-l,3-propanediol, and combinations thereof. This invention allows controlled 
porosity thin film nanoporous aerogels to be deposited, gelled, aged, and dried without atmospheric 
controls. In another aspect, this invention allows controlled porosity thin film nanoporous aerogels to be 
deposited, gelled, rapidly aged at an elevated temperature, and dried with only passive atmospheric 
controls, such as limiting the volume of the aging chamber. 
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Specification: 

This invention pertains generally to precursors for nanoporous (fine-pored) aerogel fabrication, and 
more particularly to precursors suitable for subcritical and supercritical drying of bulk and thin film 
aerogels. 

BACKGROUND OF THE INVENTION 

Aerogels are porous silica materials which can be used for a variety of purposes including as films (e.g. 
as electrical insulators on semiconductor devices or as optical coatings) or in bulk (e.g. as thermal 
insulators). For ease of discussion, the examples herein will be mainly of usage as electrical insulators 
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on semiconductor devices. 

Semiconductors are widely used in integrated circuits for electronic devices such as computers and 
televisions. Semiconductor and electronics manufacturers, as well as end users, desire integrated circuits 
which can accomplish more in less time in a smaller package while consuming less power. However, 
many of these desires are in opposition to each other. For instance, simply shrinking the feature size on a 
given circuit from 0.5 microns to 0.25 microns can increase energy use and heat generation by 30%. 
Miniaturization also generally results in increased capacitive coupling, or crosstalk, between conductors 
which carry signals across the chip. This effect both limits achievable speed and degrades the noise 
margin used to insure proper device operation. One way to reduce energy use/heat generation and 
crosstalk effects is to decrease the dielectric constant of the insulator, or dielectric, which separates 
conductors. US Patent 5,470,802, issued to Gnade et al., provides background on several of these 
schemes. 

A class of materials, nanoporous dielectrics, includes some of the most promising new materials for 
semiconductor fabrication. These dielectric materials contain a solid structure, for example of silica, 
which is permeated with an interconnected network of pores having diameters typically on the order of a 
few nanometers. These materials may be formed with extremely high porosities, with corresponding 
dielectric constants typically less than half the dielectric constant of dense silica. And yet despite their 
high porosity, it has been found that nanoporous dielectrics may be fabricated which have high strength 
and excellent compatibility with most existing semiconductor fabrication processes. Thus nanoporous 
dielectrics offer a viable low-dielectric constant replacement for common semiconductor dielectrics such 
as dense silica. 

The preferred method for forming nanoporous dielectrics is through the use of sol-gel techniques. The 
word sol-gel does not describe a product but a reaction mechanism whereby a sol, which is a colloidal 
suspension of solid particles in a liquid, transforms into a gel due to growth and interconnection of the 
solid particles. One theory is that through continued reactions within the sol, one or more molecules in 
the sol may eventually reach macroscopic dimensions so that it/they form a solid network which extends 
substantially throughout the sol. At this point (called the gel point), the substance is said to be a gel. By 
this definition, a gel is a substance that contains a continuous solid skeleton enclosing a continuous 
liquid phase. As the skeleton is porous, the term "gel" as used herein means an open-pored solid 
structure enclosing a pore fluid. 

One method of forming a sol is through hydrolysis and condensation reactions, which can cause a 
multifunctional monomer in a solution to polymerize into relatively large, highly branched particles. 
Many monomers suitable for such polymerization are metal alkoxides. For example, a tetraethoxysilane 
(TEOS) monomer may be partially hydrolyzed in water by the reaction Reaction conditions may be 
controlled such that, on the average, each monomer undergoes a desired number of hydrolysis reactions 
to partially or fully hydrolyze the monomer. TEOS which has been fully hydrolyzed becomes Si(OH) 
4)). Once a molecule has been at least partially hydrolyzed, two molecules can then link together in a 
condensation reaction, such as or to form an oligomer and liberate a molecule of water or ethanol. The 
Si-O-Si configuration in the oligomer formed by these reactions has three sites available at each end for 
further hydrolysis and condensation. Thus, additional monomers or oligomers can be added to this 
molecule in a somewhat random fashion to create a highly branched polymeric molecule from literally 
thousands of monomers. An oligomerized metal alkoxide, as defined herein, comprises molecules 
formed from at least two alkoxide monomers, but does not comprise a gel. 

Sol-gel reactions form the basis for xerogel and aerogel film deposition. In a typical thin film xerogel 
process, an ungelled precursor sol may be applied (e.g., spray coated, dip-coated, or spin-coated) to a 
substrate to form a thin film on the order of several microns or less in thickness, gelled, and dried to 
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fonn a dense film. The precursor sol often comprises a stock solution and a solvent, and possibly also a 
gelation catalyst that modifies the pH of the precursor sol in order to speed gelation. During and alter 
coating, the volatile components in the sol thin film are usually allowed to rapidly evaporate. Thus the 
deposition, gelation, and drying phases may take place simultaneously (at least to some degree) as the 
film collapses rapidly to a dense film. In contrast, an aerogel process differs from a xerogel process 
largely by avoiding pore collapse during drying of the wet gel. Some methods for avoiding pore collapse 
include wet gel treatment with condensation-inhibiting modifying agents (as described m Gnade 802) 
and supercritical pore fluid extraction. 

SUMMARY OF THE INVENTION 

Between aerogels and xerogels, aerogels are the preferable of the two dried gel materials for 
semiconductor thin film nanoporous dielectric applications. Typical thin film xerogel methods produce 
films having limited porosity (up to 60% with large pore sizes, but generally substantially less than 50 /o 
with pore sizes useful in submicron semiconductor fabrication). While some prior art xerogels have 
porosities greater than 50%; these prior art xerogels had substantially larger pore sizes (typically above 
100 nm). These large pore size gels have significantly less mechanical strength. Additionally, then large 
size makes them unsuitable for filling small (typically less than 1 (mu)m, and potentially less than V 00 
nm) patterned gaps on a microcircuit and limits their optical film uses to only the longer wavelengths. A 
nanoporous aerogel thin film, on the other hand, may be formed with almost any desired porosity 
coupled with a very fine pore size. Generally, as used herein, nanoporous materials have average pore 
sizes less than about 25 nm across, but preferably less than 20 nm (and more preferably less than 10 
nanometers and still more preferably less than 5 nanometers). In many formulations using this method, 
the typical nanoporous materials for semiconductor applications may have average pore sizes at least 1 
nm across, but more often at least 3 nm. The nanoporous inorganic dielectrics include the nanoporous 
metal oxides, particularly nanoporous silica. 

In many nanoporous thin film applications, such as aerogels and xerogels used as optical films or in 
microelectronics, the precise control of film thickness and aerogel density are desirable Several 
important properties of the film are related to the aerogel density, including mechanical strength, pore 
size and dielectric constant. It has now been found that both aerogel density and film thickness are 
related to the viscosity of the sol at the time it is applied to a substrate. This presents a problem which 
was heretofore unrecognized. This problem is that with conventional precursor sols and deposition 
methods, it is extremely difficult to control both aerogel density and film thickness independently and 
accurately. 

Nanoporous dielectric thin films may be deposited on patterned wafers, often over a level of patterned 
conductors. It has now been recognized that sol deposition should be completed prior to the onset ot 
gelation to insure that gaps between such conductors remain adequately filled and that the suriace ot tne 
gel remains substantially planar. To this end, it is also desirable that no significant evaporation of pore 
fluid occur after gelation, such as during aging. Unfortunately, it is also desirable that the gel point be 
reachable as soon after deposition as possible to simplify processing, and one method for speeding 
gelation of thin films is to allow evaporation to occur. It is recognized herein that a suitable precursor sol 
for aerogel deposition should allow control of film thickness, aerogel density, gap fill and plananty, and 
be relatively stable prior to deposition, and yet gel relatively soon after deposition and age without 
substantial evaporation. 

A method has now been found which allows controlled deposition of aerogel thin films from a multi- 
solvent precursor sol. In this method, sol viscosity and film thickness may be controlled relatively 
independently. This allows film thickness to be rapidly changed from a first known value to a second 
known value which can be set by solvent ratios and spin conditions, thus keeping film thickness largely 
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butylene glycol, 1,5 pentanediol, and combinations thereof. 

Thus this invention allows controlled porosity thin film nanoporous aerogels to be deposited, gelled, 
IS and dried without atmospheric controls. In another aspect, 

poro sity thin film nanoporous aerogels to be deposited, gelled rapidly aged at "^HSiSSer^ 
S dried with only passive atmospheric controls, such as limiting the volume of the aging chamber. 

A method for forming a thin film nanoporous dielectric on -^t^ 

This method comprises the steps of providing a semiconductor substrate and dep m*°8" ^°J° e j 

aerogel precursor sol upon the substrate. This aerogel precursor sol comprises andd4» 

^cursor reactant and a first solvent comprising te 

step is less thaS the critical pressure of the pore fluid, preferably near atmospheric pressure. 

molecules of glycerol to the metal atoms in the reactant is between 2 5 .1 and 12 ;/; ™ ' 
Z preferabl! that the nanoporous dielectric has a porosity greater than 6^ and ^JSSSlvaiL 
diameter less than 25 nm In some embodiments, the aerogel precursor also comprises a . second soiven 

PrXablytn^ 

second soWent may be ethanol. In some embodiments, the ^^^^^^^^M, 
preferably selected from the group consisting of ethylene glycol, M-butylene gl ^^/f^d is 
and combinations thereof. After aging but before drying, in Lin g 
replaced by a drying fluid. This allows, e.g., rapid, lower temperature (e .g., room ^«^^8 
wfth a fluid thatevaporates faster and has a suitably low surface ^^.^^S^T^ 
include heptane, ethanol, acetone, 2-ethylbutyl alcohol and some alcohol-water mixtures. 

Thus this invention allows controlled porosity thin film nanoporous aerogels to be deposited gelled, 
25 and dried without atmospheric controls. In another aspect, ^^^^^1^^, 
porosity thin film nanoporous aerogels to be deposited ge led rapidly agedat an devated ' temperawr 
and dried with only passive atmospheric controls, such as limiting the volume of the aging chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention, including various features and advantages thereof, may be best understood with 
reference to the following drawings, wherein: 

Figure 1 contains a graph of the variation of evaporation rate with saturation ratio and solvent type. 

Figure 2 contains a graph of the evaporation rate for glycerol a function of temperature and atmospheric 
saturation ratio. 

Figure 3 contains a graph of the theoretical relationship between porosity, refractive index, and dielectric 
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constant for nanoporous silica dielectrics. 

Figure 4 contains a graph of the change in gel times (without solvent evaporation) for bulk ethylene 
gly col-based gels as a function of base catalyst 

Figure 5 contains a graph of the variation of modulus with density for a non-glycol-based gel and an 
ethylene glycol-based gel. 

Figure 6 contains a graph showing the distribution of pore sizes of a bulk glycerol-based nanoporous 
dielectric according to the present invention. 

Figure 7 contains a graph of the evaporation rate for ethylene glycol as a function of temperature and 
atmospheric saturation ratio. 

Figure 8 contains a graph showing the change in vapor pressure with temperature. 

Figure 9 contains a graph showing the shrinkage of a thin film when dried in a 5 mm thick container. 

Figure 10 contains a graph showing the shrinkage of a thin film when dried in a 1 mm thick container. 

Figures 1 1 A-l IB contain graphs of the viscosity variation as a function of alcohol volume fraction for 
some ethylene glycol/alcohol and glycerol/alcohol mixtures. 

Figures 12A-12B contain cross-sections of a semiconductor substrate at several points during deposition 
of a thin film according to the present invention. 

Figure 13 is a flow chart of a deposition process for a nanoporous dielectric according to the present 
invention. 

Figure 14 contains a graph of the theoretical molar ratio of glycerol molecules to metal atoms vs. 
porosity of a nanoporous dielectric according to the present invention. 

Figure 15 contains a graph of relative film thickness and relative film viscosity as a function of time for 
one embodiment of the present invention. 

Figures 16 A and 16B contain, respectively, a cross- sectional and a plan view of a sol-gel thin film 
processing apparatus according to the present invention. 

Figure 16C contains a cross-sectional view of the same apparatus in contact with a substrate. 

Figures 17A and 17B contain, respectively, cross-sectional views of another apparatus according to the 
present invention, empty and enclosing a substrate. 

Figures 18A and 18B contain, respectively, cross-sectional views of yet another apparatus according to 
the present invention, empty and enclosing a substrate. 

Figures 19 A, 19B and 19C contain cross-sectional views of additional apparatus configurations which 
illustrate other aspects of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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Typical sol-gel thin film processes produce gels which collapse and density Up °?.^of trolelfita 
xerogels having only a few percent porosity. Under the uncontrolled drying conditions of xeroge I film 
fomat ln% hi bee^ neither critical nor possible to completely separate the deposition, aggregation 
Xion and drying steps during formation of the thin film, as the entire process may be completed in a 
few second However , ft has now been found that such methods are generally unsuited for depositing 
high porosity thin films with a controllable low density; because in an aerogel type drying , Pro ce ss, me 
film remains substantially undensified after drying, its final density is largel y de are 
solidliauid ratio in the film at the gel time. It has now been discovered that the following .criteria are 
t^lllvo^lin film deposition, particularly where the thin film is required to plananze and/or 
gap fill a patterned wafer: 

1) an initial viscosity suitable for spin-on application 

2) stable viscosity at deposition 

3) stable film thickness at gel time 

4) a predetermined solid.liquid ratio at gel time 

5) gelation shortly after deposition No prior art precursor sol and method have ^J^]^^ 
these conditions/However, in accordance with the present invention, it has now been found that a sol 
prepared with at least two solvents in specific ratios may be used to meet these conditions. 

The method of depositing and gelling such a precursor sol can be best understood with reference to 
Figure 15. 

As shown in Figure 15 for time t=0, a multi-solvent precursor sol may be spun onto a wafer -at* t initial 
film thickness DO and an initial viscosity hO. This is preferably done in a controlled atmosphere having a 
partial pressure of the low volatility solvent which greatly retards evaporation of the low jolatthty 
solventfrom the wafer. Thus after spin-on application, the high volati ity solvent is Prefere^ally 
removed from the wafer during evaporation time period Tl while the low volatility 
maintained, thereby decreasing the film thickness to Dl . Viscosity also changes during this tame to hi, 
preferably due primarily to th?removal of solvent. Ideally, little cross-linking of po ymenc clusters m 
K occurs during this time. At the end of Tl , substantially all of the high vo at be 
evaporated, at which time film thickness should stabilize or proceed to shrink at a much reduced rate, 
thereby providing a predetermined liquid:solid ratio and thickness for the thin film at gel time. 

Time period T2 has the primary purpose of providing separation betweer > the C ^^^»^J 
time period Tl and the gel point which occurs during gelation time period T3. Preferably, time period 
Theater than 0. Holever, some precursors, particularly those with solvents such as glycerol that 
promote faster gelation, will gel toward the end of period Tl. ^'^l^^S^^t 
a vapor-phase catalyst such as ammonia may be introduced into the controlled atmosphere. This .catalyst 
mav diffose into the thin film, further activating the sol and promoting rapid cross- inking. Although 
Uttte or Z ^ evaporation preferably takes place during T2, viscosity should begin to increase substantially 
as cross-linking continues to link polymeric clusters. 

Evaporation after the gel point may result in poor gap-fill and planarity for patterned wafers 
Consequently, after gdation time period T3, film thickness is preferably ^^^^ 
gel point has passed by limiting evaporation. Sometime during time period T3 a marked change m 
viscosity occurs as the sol nears the gel point, where large polymeric clusters finally join to create a 
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spanning cluster which is continuous across the thin film. 

Several advantages of this new approach are apparent from Figure 15. Sol viscosity and film thickness 
are both allowed to change rapidly, but generally not at the same time. Also, film thickness is changed 
from a first known value to a second known value which can be independently set by solvent ratios and 
spin conditions. Using this method, a low viscosity film may be applied, quickly reduced to a preset 
thickness, and rapidly gelled at a desired density. 

The preceding paragraphs teach a method of varying the precursor sol viscosity independently of the 
dried gel density. However, it still leaves open the question of which solvents are most appropriate. Our 
experience shows that the solvent evaporation rate for traditional aerogel solvents is very sensitive to 
small changes in the vapor concentration and temperature. In an effort to better understand this process, 
we have modeled isothermal solvent vaporization from a wafer as a function of percent saturation. This 
modeling is based on mass transfer theory. Transport Phenomena, (particularly Chapters 16 and 17) by 
R. B. Bird, W. E. Stewart, and E. N. Lightfoot, is a good reference for mass transfer theory. These 
calculations were performed for a range of solvents. The ambient temperature evaporation rates for 
some of these solvents are given in Figure 1. For evaporation to not be a processing problem, the 
product of the evaporation rate and processing time (preferably on the order of minutes) should be 
significantly less than the film thickness. This suggests that for solvents such as ethanol, the atmosphere 
above the wafer would have to be maintained at over about 99% saturation. However, there can be 
problems associated with allowing the atmosphere to reach saturation or supersaturation. Some of these 
problems are related to condensation of an atmospheric constituent upon the thin film. Condensation on 
either the gelled or ungelled thin film has been found to cause defects in an insufficiently aged film. 
Thus, it is generally desirable to control the atmosphere such that no constituent is saturated. 

Rather than using a high volatility solvent and precisely controlling the solvent atmosphere, we have 
discovered that a better solution is to use a low volatility solvent with less atmospheric control. Upon 
investigating this premise, we have discovered that glycerol makes an excellent solvent. 

The use of glycerol allows a loosening (as compared to prior art solvents) of the required atmospheric 
control during deposition and/or gelation. This is because, that even though saturation should still 
preferably be avoided, the atmospheric solvent concentration can be lowered without excessive 
evaporation. Figure 2 shows how the evaporation rate of glycerol varies with temperature and 
atmospheric solvent concentration. It has been our experience that, with glycerol, acceptable gels can be 
formed by depositing and gelling in an uncontrolled or a substantially uncontrolled atmosphere. In this 
most preferred approach, (a substantially uncontrolled atmosphere) atmospheric controls, if any, during 
deposition and gelation are typically limited to cleanroom temperature and humidity controls, although 
the wafer and/or precursor sol may have independent temperature controls. 

One attractive feature of using glycerol as a solvent is that at ambient temperature, the evaporation rate 
is sufficiently low so that several hours at ambient conditions will not yield dramatic shrinkage for thin 
films. It has been our experience that with glycerol, acceptable gels can be formed by depositing, 
gelling, and aging in an uncontrolled or a substantially uncontrolled atmosphere. With glycerol, the 
ambient temperature evaporation rate is sufficiently low so that several hours at ambient conditions will 
not yield dramatic shrinkage for thin films. It has also been our experience that with ethylene glycol, 
acceptable gels can be formed by depositing, and gelling an uncontrolled or a substantially uncontrolled 
atmosphere. With ethylene glycol, the ambient temperature evaporation rate is higher than glycerol, but 
still sufficiently low so that several minutes at ambient conditions will not yield dramatic shrinkage for 
thin films. However, the ethylene glycol-based sols have significantly lower viscosities than comparable 
glycerol-based sols, thus simplifying deposition. Also, the pore fluids in glycerol-based sols have 
significantly higher surface tensions than comparable ethylene glycol-based sols, thus making low 
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ethylene glycol can exchange with the ethoxy groups: 

Similarly, if tetraethoxysilane CTEOS, is employed as a precursor with a glycero. soWent, the glycerol 
can exchange with the ethoxy groups: 
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Very high surface area ((equivalent to)l ,000 m2)/g) 

High optical clarity of hulk samples (This is likely due to a narrow pore size distribution) 
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porosities correspond to dielectric constants of ^]- 4 ^own. However, it may be because 

The actual mechanism that allows these high ^orosi many surface OH (hydroxyl) 
the gels have high mechanical strength, became thej noth ^ ^ ^ 

groups, a combination of these, or some other factors. 1 his memoo 
uniformity across the wafer. 
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supercritical drying or a surface modification step before drying to achieve these low densities. While 
some prior art xerogels have porosities greater than 50%; these prior art xerogels had substantially larger 
pore sizes (typically above 100 nm). These large pore size gels have significantly less mechanical 
strength. Additionally, their large size makes them unsuitable for filling small (typically less than 1 (mu) 
m) patterned gaps on a microcircuit. If desired, this process can also be adjusted (by varying the 
TEOS/solvent ratios) to provide porosities below 50%. Porosities down to 20% are possible when care 
is taken to prevent premature gelation. 

Thus, this invention has enabled a new, simple nanoporous low density dielectric fabrication method. 
This new glycerol-based method allows both bulk and thin film aerogels to be made without 
supercritical drying, or a surface modification step before drying. Prior art aerogels have required at 
least one of these steps to prevent substantial pore collapse during drying. Density Prediction - By 
varying the ratio of glycerol to silicon (or other metal), the density after drying can be accurately 
predicted. This accuracy is likely due to the well controlled evaporation allowed by the low volatility 
glycerol solvent. As our process shows excellent shrinkage control during aging and drying, this allows 
accurate prediction of the density (and thus porosity) of the dried gel. Although density prediction had 
not generally been considered a large problem with bulk gels, it had typically been difficult to predict 
the final porosity of thin film gels. This accurate density prediction, even for low porosity dried gels, is 
one reason why this new process might be preferred over existing xerogel processes for forming low 
porosity gels. 

Simplified Aging - We have found that in the production of nanoporous dielectrics it is preferable to 
subject the wet gel thin film to a process known as aging. Hydrolysis and condensation reactions do not 
stop at the gel point, but continue to restructure, or age, the gel until the reactions are purposely halted. It 
is believed that during aging, preferential dissolution and redeposition of portions of the solid structure 
produce beneficial results. These beneficial results include higher strength, greater uniformity of pore 
size, and a greater ability to resist pore collapse during drying. However, aging a wet gel in thin film 
form is difficult, as the film contains an extremely small amount of pore fluid that should be held fairly 
constant for a period of time in order for aging to occur. If pore fluid evaporates from the film before 
aging has strengthened the network, the film will tend to density in xerogel fashion. On the other hand, 
if excess pore fluid condenses from the atmosphere onto the thin film before the network has been 
strengthened, this may locally disrupt the aging process and cause film defects. 

Our new, glycerol-based process has radically simplified aging of thin film nanoporous dielectrics. 
Other thin film nanoporous dielectric aging processes have either allowed significant evaporation, fluid 
condensation, or required a controlled aging atmosphere. During deposition and gelation, at least to 
some degree, these glycerol-based processes behave similarly to the ethylene glycol-based processes 
described below. However, the ethylene glycol-based gels typically require atmospheric controls to 
prevent significant evaporation during aging, even at room temperature. In contrast, the glycerol-based 
gels have dramatically lower evaporation and shrinkage rates during aging. This allows atmospheric 
control to be loosened or eliminated during aging. We can fabricate high quality, thin film, glycerol- 
based nanoporous dielectrics with only passive atmospheric controls during room temperature or high 
temperature aging. 

Shorter Gel Times ~ The use of glycerol also substantially shortens the gel time. Many typical ethanol- 
based precursors have gel times of at least 400 seconds, when catalyzed (much longer w/o catalysis). 
However, we discovered that some glycerol-based precursors will gel during wafer spin-on, even 
without catalysis. This quick gelation is not only faster than an ethanol-based gel, but also surprisingly 
faster than an ethylene glycol-based gel. Figure 4 shows gel times for two different ethylene glycol- 
based compositions as a function of the amount of ammonia catalyst used. These gel times are for bulk 
gels for which there is no evaporation of ethanol and/or water as there would be for thin films. 
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Evaporation increases the silica content and thus, decreases the gel time. Therefore, these gel times may 
be the upper limit for a given precursor/catalyst. The gel times reported in Figure 4 are approximately an 
order of magnitude shorter than conventional ethanol-based precursors. Gel times generally also exhibit 
a first order dependence on the concentration of ammonia catalyst. This implies that it may be possible 
to easily control the gel times. 

For thin films of these new glycerol-based gels, it is routine to obtain gelation within seconds, even 
without a gelation catalyst. We have identified several mechanisms that can be used to launch gelation 
in thin films, without the addition of a catalyst. One method is the concentration of the precursor sol by 
allowing a volatile solvent to evaporate. Another method is increasing the pH by allowing an acid in the 
precursor sol to evaporate. This evaporative basification relies on increasing the precursor sol pH to help 
initiate gelation. However, this basification process does not typically require a pH change from below 7 
to above 7. This evaporative basification acts similarly to a typical base catalysis process, greatly 
speeding gelation. At room temperature and pressure, some acids, such as nitric acid, have evaporation 
rates comparable to ethanol. Varying the concentrations and/or types of the high volatility solvents) 
and/or stabilizing acid provides a simple, yet tremendous flexible method for adjusting the gelation time. 

Higher Strength - The properties of the glycerol-based samples appear to be quite different from regular 
gels as evidenced by both their low degree of drying shrinkage and differences in qualitative handling of 
the wet and dry gels. Thus, upon physical inspection, the glycerol-based dried gels seem to have 
improved mechanical properties as compared to both conventional and ethylene glycol-based dried gels. 
Figure 5 shows the bulk modulus measured during isostatic compaction measurements of one sample 
prepared using one ethylene glycol-based and one conventional ethanol-based dried bulk gel (both have 
the same initial density). After initial changes attributed to buckling of the structure, both samples 
exhibit power law dependence of modulus with density. This power law dependence is usually observed 
in dried gels. However, what is surprising is the strength of the ethylene glycol-based dried gel. At a 
given density (and thus, dielectric constant), the modulus of this sample of the ethylene glycol dried gel 
is an order of magnitude higher than the conventional dried gel. Preliminary evaluations show that the 
glycerol-based gels are even stronger than the ethylene glycol-based gels. These evaluations include 
qualitative handling tests and information based on the shrinkage during drying. The reasons for this 
strength increase are not totally clear. However, preliminary experiments indicate that our rapid gelation 
times and/or narrow pore size distribution may be responsible for the high strengths. 

High surface area — We measured the surface areas of some dried bulk gels. These surface areas were 
on the order of 1,000 m2)/g, as compared to our typical ethanol-based dried gels which have surface 
areas in the 600-800 m2)/g range. These higher surface areas may imply smaller pore size and improved 
mechanical properties. It is unclear at this time why these higher surface areas are obtained with the 
glycerol-based dried gels. 

Pore size distribution - The optical clarity of these dried bulk gels was greater than any ethanol-based 
dried gels at this density that we have previously made. It is possible that this excellent optical clarity is 
due to a very narrow pore size distribution. However, it is unclear why the glycerol has this effect. 
Preliminary experiments show that one possible explanation is that rapid gelation times may be linked to 
a narrow pore size distribution. Figure 6 shows the pore size distribution (as measured by BJH nitrogen 
desorption measurements) of a bulk gel sample with a density of about .57 g/cm3). The mean pore 
diameter (desorption method) of this sample was 3.76 nm. As the typical pores are not truly cylindrical, 
diameter, as used herein, actually refers to the diameter of an equivalent cylinder with the same surface 
area to volume ratio as the overall gel ! s surface area to volume ratio. 

As shown above, some properties of the glycerol-based gels apply to both bulk gels and thin films. 
However, some advantages are most evident when applied to thin films, such as nanoporous dielectric 
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films on semiconductor wafers. One important advantage is that this new method allows high quality 
nanoporous films to be processed with no atmospheric controls during deposition or gelation. 

Although it is important to be able to deposit and gel thin nanoporous films without atmospheric 
controls, it is also desirable to age thin nanoporous films without atmospheric controls. It has been 
discovered that this can present a bigger challenge than deposition. The primary reason is that while 
deposition and room temperature gelation can take place in minutes, or even seconds; room temperature 
aging typically requires hours. Thus, an evaporation rate that provides acceptable shrinkage for a short 
process, may cause unacceptable shrinkage when the process times are lengthened by an order of 
magnitude. 

As an example, we have found that with some glycerol-based gels, a satisfactory aging time at room 
temperature is on the order of a day. However, Table 1 shows that, by using higher temperatures, we can 
age thin films with times on the order of minutes. These aging times are comparable to the preferred 
aging time of many typical ethanol-based and ethylene gly col-based gels. Thus, when these times and 
temperatures are combined with the evaporation rates of Figure 1, Figure 7, and Figure 2, they give the 
approximate thickness loss during aging as shown in Table 2. These estimated thickness losses need to 
be compared with acceptable thickness losses, particularly for thin film applications. While no firm 
guidelines for acceptable thickness loss exist, one proposed guideline, for some microcircuit 
applications such as nanoporous dielectrics, is that the thickness losses should be less than 2% of the 
film thickness. For a hypothetical nominal film thickness of 1 (mu)m (Actual film thicknesses may 
typically vary from significantly less than .5 (mu)m to several (mu)m thick), this gives an allowable 
thickness loss of 20 nm. As shown in Table 2, the glycerol-based gels can achieve this preliminary goal 
without atmospheric control at room temperature. Thus, this invention allows controlled porosity thin 
film nanoporous aerogels to be deposited, gelled, aged, and dried without atmospheric controls. In 
another aspect, this invention allows controlled porosity thin film nanoporous aerogels to be deposited, 
gelled, rapidly aged at an elevated temperature, and dried with only passive atmospheric controls, such 
as limiting the volume of the aging chamber. 

Improved yield and reliability considerations may require thickness losses below 2%, such as less 
than .5% or .1%. By using passive atmospheric control, this invention can be extended to these, and 
even lower evaporation losses. This passive control involves placing the gel in a relatively small closed 
container, at least during aging. In this aspect of the invention, evaporation from the wafer acts to raise 
the saturation ratio of the atmosphere inside the closed container. At any given temperature, this 
evaporation continues until the partial pressure of the vapor increases enough to equal the vapor pressure 
of the liquid. Thus, solvent/temperature combinations with lower vapor pressure will not allow as much 
liquid solvent to evaporate as a higher vapor pressure combination allows. Figure 8 shows how vapor 
pressure varies with temperature for several solvents. If the container size is known, the amount of 
evaporation can be calculated. Figure 9 shows an estimate of how thick of layer of solvent could 
potentially be evaporated if a 70% porous gel is placed in a 5 mm high cylindrical container that is the 
same diameter as the wafer. Figure 10 shows a similar estimate for a container with a 1 mm high 
airspace above the wafer. These figures show that, with a 5 mm high airspace, the 20 nm preliminary 
goal is feasible up to 120 degrees C for glycerol-based gels, but only up to 50 degrees C for ethylene 
glycol-based gels. With the 1 mm airspace, the 20 nm goal is feasible all the way up to 1 50 degrees C 
for the glycerol-based gels, but only up to 80 degrees C for the ethylene glycol-based gels. Of course, 
lower temperature processing allows less evaporation. Passive evaporation control using the 1 mm 
containers allows less than 1 nm of thickness loss (.1% of a l(mu)m thick film) for the glycerol-based 
gels, even at 100 degrees C. 

There are many variations on this passive control approach. One variation allows the container size to 
increase. The thickness loss will linearly increase with the container volume. However, even a 1000 
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cubic centimeter container typically allows only 5 nm of glycerol evaporation at 80 degrees C. Another 
variation is the gel porosity. Higher porosity gels generally experience greater thickness losses while 
lower porosity gels generally experience slightly smaller thickness losses. 

One disadvantage of glycerol is its relatively high viscosity which can cause problems with gap-filling 
and/or planarization. As described above, a low viscosity, high volatility solvent can be used to lower 
the viscosity. Figure 11A shows the calculated viscosity of some ethanol/glycerol and methanol/glycerol 
mixtures at room temperature. As the figure shows, alcohol can significantly reduce the viscosity of 
these mixtures. Figure 1 IB shows the calculated viscosity of some ethanol/ethylene glycol and 
methanol/ethylene glycol mixtures at room temperature. As this figure shows, the ethylene glycol is 
much less viscous than the glycerol, and small quantities of alcohol significantly reduce the viscosity of 
these mixtures. Also, if the viscosity using ethanol in the stock solution is higher than desired, further 
improvement can be realized by employing methanol in the precursor solution. The viscosities reported 
in Figures 1 1 A-l IB are for pure fluid mixtures only. In fact, depending upon the film precursor solution, 
the precursor solution might contain glycerol, alcohol, water, acid and partially reacted metal alkoxides. 
Of course, the viscosity can be increased before deposition by catalyzing the condensation reaction and 
hence, the values reported in Figures 1 1 A-l IB represent lower bounds. 

This multi-solvent approach may be combined with or replaced by an alternative approach. This 
alternate approach use elevated temperatures to reduce the sol viscosity during application. By heating 
and/or diluting the precursor during deposition, (such as by heating the transfer line and deposition 
nozzle of a wafer spin station) the viscosity of the precursor sol can be substantially lowered. Not only 
does this preheat lower the sol viscosity, it will also speed gel times and accelerate the evaporation of 
any high volatility solvents. It may also be desirable to preheat the wafer. This wafer preheat should 
improve process control and may improve gap fill, particularly for the more viscous precursors. 
However, for many applications, wafer preheat is not required, thus simplifying process flows. When 
using a spin-on application method with this no wafer preheat approach, the spin station would not 
require a temperature controlled spinner. 

Dried gels produced with this simple thin film aerogel fabrication process can be used in many 
applications. Some of these uses may not have been cost effective using prior art methods. These uses 
include low dielectric constant thin films (particularly on semiconductor substrates), miniaturized 
chemical sensors, thermal isolation structures, and thermal isolation layers (including thermal isolation 
structures for infrared detectors). As a general rule, many low dielectric constant thin films prefer 
porosities greater than 60%, with critical applications preferring porosities greater than 80 or 90%, thus 
giving a substantial reduction in dielectric constant. However, structural strength and integrity 
considerations may limit the practical porosity to no more than 90%. Some applications, including 
thermal isolation structures and thermal isolation layers, may need to sacrifice some porosity for higher 
strength and stiffness. These higher stiffness requirements may require dielectrics with porosities as low 
as 30 or 45%. In other high strength/toughness applications, especially sensors, where surface area may 
be more important than density, it may be preferable to use a low porosity gel with a porosity between 
20% and 40%. 

The thin film discussion above has centered around thin film aerogels for microelectronic circuits. 
However, aerogels are also useful in other applications, such as thin films on passive substrates. These 
new high strength, easy to fabricate gels now make many of these uses practical. For purposes of this 
application, a passive substrate is defined as a substrate that does not comprise or contain a 
microelectronic circuit, or at least where there is no interaction between the aerogel and the electronics. 
Sol-Gel Science by CJ. Blinker and G.W. Scherer describes several of these uses in chapter 14. These 
passive uses may partially include some types of optical coatings, some types of protective coatings, and 
some types of porous coatings. 
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Antireflective (AR) coatings can require a wide range of porosities. These will typically range from 20 /o 
porous to 70% porous, although higher porosities (above 90%) may be useful where there is adequate 
surface protection, and lower porosities (down to 10%, or below) may be useful in high performance 
coatings or coatings on substrates with a high index of refraction. In some single layer AR coatings, it 
may be preferable to use gels with porosities between 30% and 55%. Higher performance multi-layer 
AR coatings will prefer denser layers (e.g., porosity between 1 0% and 30%) next to the substrate, and 
less dense layers (e.g., porosity between 45% and 90%) next to the air interface. For higher 
strength/toughness applications, especially where high strength and surface area are the pnmary goals, it 
may be preferable to use a low porosity gel with a porosity between 20% to 40%. Other thnv film 
coatings may need the lowest density practical, thus needing porosities greater than 85 /o, 90 /o, or even 
95%. 

There are also many bulk gel applications that can benefit from these new high strength, easy to 
fabricate aerogels. These bulk gel uses include (but are not limited to) nanoporous (e.g., molecular) 
sieves, thermal insulation, catalyst supports, adsorbents, acoustic insulation, and optiseparation 
membranes. As a general rule, many bulk uses prefer porosities greater than 60%, with critical 
applications preferring porosities greater than 80% or 90%. However, structural strength and integrity 
considerations may limit the practical porosity to no more than 95%. Some apphcations^ossibly 
including sieves, may need to sacrifice some porosity for higher strength and stiffness. These higher 
stiffness requirements may require dielectrics with porosities as low as 30 or 45%. In other high 
strength/toughness applications, possibly including catalyst supports and sensors, where surface area 
may be more important than density, it may be preferable to use a low porosity gel with a porosity 
between 20% and 40%. 

Typical sol-gel thin film processes produce gels which collapse and density upon drying, thus forming 
xerogels having limited porosity (Up to 60% with large pore sizes, but generally substantially less than 
50% with pore sizes of interest). Under the uncontrolled drying conditions of xerogel film tormation, 
many of the internal pores permanently collapse. However, in thin film aerogel formation the pores 
remain substantially uncollapsed, even though there may be a small amount of shrinkage during aging 
and/or drying that affects the final density. 

Referring now to Figure 12A, a semiconductor substrate 10 (typically in wafer form) is shown. Common 
substrates include silicon, germanium, and gallium arsenide, and the substrate may include active 
devices, lower level wiring and insulation layers, and many other common structures not shown but 
known to those skilled in the art. Several patterned conductors 12 (e.g., of an Al-0.5%Cu composition) 
are shown on substrate 10. Conductors 12 typically run parallel for at least part of their length such that 
they are separated by gaps 13 of a predetermined width (typically a fraction of a micron). Both the 
conductors and gaps may have height-to-width ratios much greater than shown, with larger ratios 
typically found in devices with smaller feature sizes. 

In accordance with a first embodiment of the present invention, mix 61 .0 mL tetraethoxysilane (TEOS), 
61.0 mL glycerol, 4.87 mL water, and .2 mL 1M HN03)) and reflux for 1.5 hours at (equivalent to) 60 
(degree)C to form a stock solution. Equivalently, mix .27 mol TEOS, .84 mol glycerol, .27 mol water, 
and 2.04E-4 mol HN03)) and reflux for 1 .5 hours at (equivalent to) 60(degree)C. After the stock 
solution is allowed to cool, the solution may be diluted with ethanol to reduce the viscosity One suitable 
stock solution: solvent volume ratio is 1 :8. However, this ratio will depend upon desired film thickness, 
spin speed, and substrate. This is mixed vigorously and typically stored in a refrigerator at (equivalent 
to) 7(degree)C to maintain stability until use. The solution is typically warmed to room temperature 
prior to film deposition. 3-5 mL of this precursor sol may be dispensed at room temperature onto 
substrate 10, which is then spun at 1500 to 5000 rpm (depending on desired film thickness) for about 5- 
10 seconds to form sol thin film 14. The deposition can be performed in an atmosphere that has no 
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temperature should then be increased above the boiling point of both the aging fluid and the drying 
fluid. This method prevents destructive boiling, yet insures that all fluid is removed. Glycerol, as weUas 
some other fluids, either decompose at approximately the same temperature as they boil, or decompose 
in lieu of boiling. With these fluids, particularly fluids like glycerol that can decompose into toxic 
substances, care should be taken not to overheat the evaporated fluid or the ^undned wafer After drymg, 
it is preferable to bake the nanoporous dielectric for a short time (such as 300(degree) for 1 5 to oU 
minutes) to help remove any residual materials, such as organics, that are in or on the dielectric, lhe 
theoretical dielectric constant (before surface modification) of this embodiment is 1.3. 

In order to reduce the dielectric constant, it is preferable to dehydroxylate (anneal) the dried gel. This 
may be done by placing the wafer in a dry atmosphere with an agent, such as hexamethy disilazane 
(HMDS) or hexaphenyldisilazane vapor. The HMDS will replace much of the water and/or hydroxyls 
bound to the dried gel's pore surfaces with methyl groups. This replacement may be performed at room 
temperature, or warmer. This replacement can not only remove water and/or hydroxyls, it can also 
render the dried gel hydrophobic (water repelling). The hexaphenyldisilazane will also remove water 
and/or hydroxyls and render the dried gel hydrophobic. However, the phenyl groups have a higher 
temperature stability than the methyl groups, at the expense of a slightly higher dielectric constant. 

Figure 13 contains a flow chart of a general method for obtaining an aerogel thin film from a precursor 
sol according to one embodiment of the present invention. Table 3 is a quick summary of some ot the 
substances used in this method. 

In accordance with a second, higher density, embodiment of the prese ^inventionu mix 150 0 mL , TEOS 
61.0 mL glycerol, 150.0 mL ethanol, 12.1 mL water, and .48 mL 1M HN03)) ^reflux fo^ hours at 
(equivalent to) 60(degree)C to form a stock solution. Eqmvalently mix .67 mol TEOS -MinoltfyoerJ 
2 57 mol ethanol, .67 mol water, and 4.90E-4 mol HN03)) and reflux for 1.5 hours at (equivalent to) 60 
(degree)C. After the stock solution is allowed to cool, the solution may be diluted with ethanol to reduce 
the viscosity. One suitable stock solution.solvent volume ratio is 1 :8. This is mixed vigorously and 
typically stored in a refrigerator at (equivalent to) 7(degree)C to maintain stability until use. The solution 
is warmed to room temperature prior to film deposition. 3-5 mL of this precursor sol may be ^pensed 
at room temperature onto substrate 10, which is then spun at 1500 to 5000 rpm (depending on desired 
film thickness) for about 5-10 seconds to form sol thin film 14. The deposition can be performed in an 
atmosphere that is not solvent controlled (e.g., standard exhausts in a cleanroom with non-exotic 
humidity controls). During and after this deposition and spinning, ethanol (a- ™™W**^J™^ 
and a reaction product from the TEOS and water) and water is evaporating from film 14, but due to 
glycerol's low volatility, no substantial evaporation of the glycerol is occurring. Tms evaporation shrinks 
thin film 14 and concentrates the silica content of the sol forming reduced thickness film 18. FjpnelZB 
shows a reduced thickness sol film 1 8 obtained after substantially all (about 95% or more) of the water 
has been removed. This concentrating typically causes gelation within minutes. 

Further processing generally follows the process described in the first embodiment. After gelation, ftie 
thin film wet gel 1 8 comprises a porous solid and a pore fluid, and can preferably b ^ lowed - tin V e ^^ e 
at one or more controlled temperatures. Aged film 1 8 may be dried without substantial densification by 
one of several methods, including supercritical fluid extraction. However, with the lower density 
formulations of these new glycerol-based gels, it is preferable to perform a non-supercritical dr^ng, 
such as a solvent exchange followed by air drying the film 18 from the drying fluid as described m the 
first embodiment. The nanoporous dielectric can then be subjected to a post-dry bake and/or a surface 
modification, as described in the first embodiment. The theoretical dielectric constant (before surface 
modification) of this embodiment is L6. 

In accordance with a third, higher density, embodiment of the present invention, mix 208.0 mL TEOS, 
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61 .0 mL glycerol, 208.0 mL ethanol, 16.8 mL water, and .67 mL 1M HN03)) and reflux for 1 .5 hours at 
(equivalent to) 60(degree)C to form a stock solution. Equivalently, mix .93 mol TEOS, .84 mol glycerol, 
3.56 mol ethanol, .93 mol water, and 6.80E-4 mol HN03)) and reflux for 1.5 hours at (equivalent to) 60 
(degree)C. After the stock solution is allowed to cool, the solution may be diluted with ethanol to reduce 
the viscosity. One suitable stock solutiomsolvent volume ratio is 1 :8. This is mixed vigorously and 
typically stored in a refrigerator at (equivalent to) 7(degree)C to maintain stability until use. The solution 
is warmed to room temperature prior to film deposition. 3-5 mL of this precursor sol may be dispensed 
at room temperature onto substrate 10, which is then spun at 1500 to 5000 rpm (depending on desired 
film thickness) for about 5-10 seconds to form sol thin film 14. The deposition can be performed in an 
atmosphere that is not solvent controlled (e.g., standard exhausts in a cleanroom with non-exotic 
humidity controls). During and after this deposition and spinning, ethanol and water is evaporating from 
film 14, but due to glycerol's low volatility, no substantial evaporation of the glycerol is occurring. This 
evaporation shrinks thin film 14 and concentrates the silica content of the sol forming reduced thickness 
film 18. Figure 12B shows a reduced thickness sol film 18 obtained after substantially all (about 95% or 
more) of the water has been removed. This concentrating typically causes gelation within minutes. 

Further processing generally follows the process described in the first embodiment. After gelation, the 
thin film wet gel 18 comprises a porous solid and a pore fluid, and can preferably be allowed time to age 
at one or more controlled temperatures. Aging may be accomplished by letting the device sit for 
approximately 24 hours at 25(degree) C. Aged film 18 may be dried without substantial densification by 
one of several methods, including supercritical fluid extraction, or a solvent exchange followed by air 
drying. However, especially in this higher density formulation of these new glycerol-based gels, it is 
preferable to air dry the film 18 from the aging fluid. In this direct drying method, the wafer surface is 
exposed to an atmosphere that is not near saturated with the drying fluid. A simple method is to remove 
the cover from a low volume aging chamber, thus exposing the gel surface to a substantially 
uncontrolled atmosphere. Another method introduces a drying gas into the aging chamber or 
atmosphere. With this direct drying method, the starting drying temperature can preferably be increased 
to a temperature near or equal to the aging temperature. This high temperature drying reduces surface 
tension and associated shrinkage, speeds drying, and simplifies processing. As the thin film becomes 
predominately dry (typically within seconds for high temperature drying), the temperature should then 
be increased above the boiling point of both the aging fluid and the drying fluid (they are often the same 
fluid). This method prevents destructive boiling, yet insures that all fluid is removed. Since this method's 
drying fluid comprises glycerol, which can decompose into toxic substances, care should be taken not to 
overheat the evaporated fluid or the undried wafer. The nanoporous dielectric can then be subjected to a 
post-dry bake and/or a surface modification, as described in the first embodiment. The theoretical 
dielectric constant (before surface modification) of this embodiment is 1 .76. 

In accordance with a fourth embodiment of the present invention, mix 278.0 mL TEOS, 61.0 mL 
glycerol, 278.0 mL ethanol, 22.5 mL water, and .90 mL 1M HN03)) and reflux for 1.5 hours at 
(equivalent to) 60(degree)C to form a stock solution. Equivalently, mix 1.25 mol TEOS, .84 mol 
glycerol, 4.76 mol ethanol, 1.25 mol water, and 9.1E-4 mol HN03)) and reflux for 1.5 hours at 
(equivalent to) 60(degree)C. After the stock solution is allowed to cool, the solution may be diluted with 
ethanol to reduce the viscosity. One suitable stock solutiomsolvent volume ratio is 1:8. This is mixed 
vigorously and typically stored in a refrigerator at (equivalent to) 7(degree)C to maintain stability until 
use. The solution is warmed to room temperature prior to film deposition. 3-5 mL of this precursor sol 
may be dispensed at room temperature onto substrate 10, which is then spun at 1500 to 5000 rpm 
(depending on desired film thickness) for about 5-10 seconds to form sol thin film 14. The deposition 
can be performed in an atmosphere that is not solvent controlled (e.g., standard exhausts in a cleanroom 
with non-exotic humidity controls). During and after this deposition and spinning, ethanol and water is 
evaporating from film 14, but due to glycerol's low volatility, no substantial evaporation of the glycerol 
is occurring. This evaporation shrinks thin film 14 and concentrates the silica content of the sol forming 
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reduced thickness film 18. Figure 12B shows a reduced thickness sol film 18 obtained after substantially 
all (about 95% or more) of the water has been removed. This concentrating typically causes gelation 
within minutes. 

Further processing generally follows the process described in the third embodiment. After gelation, the 
thin film wet gel 18 comprises a porous solid and a pore fluid, and can preferably be allowed time to age 
at one or more controlled temperatures. Aged film 18 may be dried without substantial densification by 
one of several methods, including supercritical fluid extraction. However, it is preferable to air dry the 
film 18 from the aging fluid, as described in the third embodiment. The nanoporous dielectric can then 
be subjected to a post-dry bake and/or a surface modification, as described in the first embodiment. The 
theoretical dielectric constant (before surface modification) of this embodiment is 1.96. 

In accordance with a fifth embodiment of the present invention, mix 609.0 mL TEOS, 61.0 mL glycerol, 
609.0 mL ethanol, 49.2 mL water, and 1.97 mL 1M HN03)) and reflux for 1.5 hours at (equivalent to) 
60(degree)C to form a stock solution. Equivalently, mix 2.73 mol TEOS, .84 mol glycerol, 1 0.4 mol 
ethanol, 2.73 mol water, and 2.00E-3 mol HN03)) and reflux for 1.5 hours at (equivalent to) 60(degree) 
C. After the stock solution is allowed to cool, the solution may be diluted with ethanol to reduce the 
viscosity. One suitable stock solution.solvent volume ratio is 1:8. This is mixed vigorously and typically 
stored in a refrigerator at (equivalent to) 7(degree)C to maintain stability until use. The solution is 
warmed to room temperature prior to film deposition. 3-5 mL of this precursor sol may be dispensed at 
room temperature onto substrate 10, which is then spun at 1500 to 5000 rpm (depending on desired film 
thickness) for about 5-10 seconds to form sol thin film 14. The deposition can be performed m an 
atmosphere that is not solvent controlled (e.g., standard exhausts in a cleanroom with non-exotic 
humidity controls). During and after this deposition and spinning, ethanol and water is evaporating from 
film 14, but due to glycerol's low volatility, no substantial evaporation of the glycerol is occurring. This 
evaporation shrinks thin film 14 and concentrates the silica content of the sol forming reduced thickness 
film 18. Figure 12B shows a reduced thickness sol film 18 obtained after substantially all (about 95% or 
more) of the water has been removed. This concentrating typically causes gelation within minutes. 

Further processing generally follows the process described in the third embodiment. After gelation, the 
thin film wet gel 18 comprises a porous solid and a pore fluid, and can preferably be allowed time to age 
at one or more controlled temperatures. Aged film 1 8 may be dried without substantial densification by 
one of several methods, including supercritical fluid extraction. However, it is preferable to air dry the 
film 18 from the aging fluid, as described in the third embodiment. The nanoporous dielectric can then 
be subjected to a post-dry bake and/or a surface modification, as described in the first embodiment. The 
theoretical dielectric constant (before surface modification) of this embodiment is 2.5. 

Other ratios of solvent to reactant ratios can be used to provide different porosities/dielectric constants. 
Figure 14 shows the theoretical relationship between the molar ratio of glycerol molecules to metal 
atoms and the porosity of a nanoporous dielectric for the case where all ethanol is evaporated from the 
deposited sol. Typically, the higher porosity glycerol-based gels (generally less than about .51 g/cc) 
prefer a solvent exchange or other method to lessen shrinkage during drying. On the other hand, the 
lower porosity gels require care to prevent early gelation. This may comprise pH adjustment, 
temperature control, or other methods known in the art. In some applications, it is also permissible to 
allow high volatility solvent evaporation after gelation. 

As described above, the higher density glycerol-based gels (generally greater than about .64 g/cc) can be 
aged and dried with little shrinkage, even without a solvent exchange. An imaged wafer may be placed 
in a small volume furnace, or a small container, which can go on a hot plate. After an optional 
evacuation, the container is sealed at room temperature. The container remains sealed as the temperature 
is ramped up, quickly aging the film, and lowering the aging/drying fluid viscosity. After sufficient 
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aging (possibly during the temperature ramp), the gel is ready for drying. At temperatures near glycerol s 
boiling point, the glycerol viscosity can be low enough (compared to the strength of an aged him ot the 
predetermined porosity), that the glycerol in the furnace atmosphere can be removed and the him 
directly dried. Note that, in the most demanding low density applications, a somewhat lower surface 
tension can be obtained by increasing the drying temperature above the boiling point of glycerol in 
these cases, the furnace needs to withstand the pressure (most sub-critical drying situations can he 
handled with pressures under 1 to 3 MPa). Additionally, care needs to be taken that the glycerol in the 
furnace atmosphere is, especially at first, slowly removed. The glycerol in the furnace atmosphere may 
be removed, e.g., by bleeding off the pressure, by a vacuum pump, or by sweeping the glycerol otl with 
a gas. The furnace temperature may be held constant or continue to be raised while the glycerol is being 
removed (the furnace may be ramped on up to the bake temperature while sweeping the glycerol on 
with the gas). While some glycerol can be introduced during heating to minimize evaporation from the 
film preferably the furnace volume is low enough that evaporation does not significantly reduce turn 
thickness even without the introduction of glycerol during heating. If a film requires supercritical 
drying, perhaps to eliminate even temporary shrinkage, it is preferable to use a C02)) solvent exchange 
as is well known in the art. 

Although the same stock solutions can be used for bulk aerogels as thin film aerogels, the processing is 
substantially different With different stock solution mixtures, the following example can be adapted to 
provide bulk gels with different porosities. In accordance with a bulk aerogel embodiment of ^the present 
invention, mix 208.0 mL TEOS, 61 .0 mL glycerol, 208.0 raL ethanol, 1 6.8 mL water, and .67 mL 1M 
HN03)) and reflux for 1.5 hours at (equivalent to) 60(degree)C to form a stock soluhon. Eqmvalently, 
mix .93 mol TEOS, .84 mol glycerol, 3.56 mol ethanol, .93 mol water, and 6.80E-4 mol HN03)) and 
reflux for 1 .5 hours at (equivalent to) 60(degree)C. This is typically stored in a refrigerator at (equivalent 
to) 7(degree)C to maintain stability until use. The stock solution is preferably warmed to room 
temperature prior to placing into molds. After pouring into molds, the ethanol, water, and acid is 
allowed to evaporate, but due to glycerol's low volatility, no substantial evaporation of the glycerol is 
occurring. This evaporation reduces the volume of the stock solution precursor sol and concentrates the 
silica content of the sol. It is allowable for at least some of the evaporation to occur before filling toe 
mold. This pre-fill evaporation might be especially useful if the configuration of toe mold does not lend 
itself to substantial evaporation after filling, such as a low exposed surface area mold or a mold 
configuration that is incompatible with shrinkage. Although this evaporation is not required, it has 
several advantages, including faster gelation without a catalyst and less shrinkage after gelation. 

After this evaporation, the sol has an approximately known ratio of silicon to pore fluid at toe gel point. 
This ratio is approximately equal to the ratio of TEOS to glycerol in the precursor mix ^(with minor 
changes due to remaining water, continued reactions and incidental evaporation) As this method largely 
prevents the gel from permanently collapsing, this ratio determines the density of toe aerogel that will be 
produced. If the sol does not gel during evaporation, this sol will gel soon after substantially all of toe 
water, ethanol, and acid has evaporated. 

Alternatively, one may catalyze the precursor with .5M ammonium nitrate before filling the mold With 
this mixture, the sol typically gels in minutes. Remove the wet gel from the mold and allow the eAanol 
and water to evaporate. Typically, the gel will shrink during this evaporation. However as with the other 
approaches, when the evaporation is substantially complete, the sol has an approximately known ratio of 
silicon to pore fluid at the gel point. This ratio is approximately equal to the ratio of TEOS to glycerol in 
the precursor mix (with minor changes due to remaining water, continued reactions and incidental 
evaporation). As this method largely prevents the gel from permanently collapsing, this ratio determines 
the density of the aerogel that will be produced. 

After gelation, the wet gel comprises a porous solid and a pore fluid, and can preferably be allowed time 
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to age at one or more controlled temperatures. Aging may preferably be accomplished by letting ^the 
substrate and gel sit for approximately 24 hours at about 25(degree) C or by heating it to 1 30-1 50 
(degree) C for about 5 minutes in a closed container. These high temperature aging parameters are valid 
for a 5 mm diameter bulk aerogel. However, due to the wet gel's low thermal conductivity, the high 
temperature accelerated aging time and temperature combinations are highly dependent upon the 
configuration of the bulk gel. 

After this initial aging, remove the gel from the molds and dry directly from the mother liquor (that is, 
the pore fluid remaining at the end of aging, with no solvent exchanges for aging or drying). A slow 
ramp to and hold at about 500(degree) C will dry the gel. 

Instead of drying directly from the mother liquor, it may be preferable, particularly with higher porosity 
gels, to perform a solvent exchange. This solvent exchange may be carried out as a one or two step 
process. The first step replaces the aging fluid with an intermediate and the second step preferably 
replaces the intermediate fluid with a low surface tension drying fluid such as heptane. In this method, It 
is preferable to remove the gels from the molds and place it in sealed tubes containing ethanol and allow 
a pore fluid exchange for 8 hours at 50 degrees C. At the end of a 8 hour interval, rinse the gels with 
ethanol and then store in fresh ethanol in an oven at 50 degrees C. After three to six such intervals, 
replace the ethanol with hexane in a similar manner. This solvent exchange method allows us to remove 
nearly all the glycerol-containing fluid before drying. The drying fluid (heptane in this case) is finally 
allowed to evaporate from the wet gel, forming a dry aerogel. If the film can be satisfactorily dried from 
a liquid that is soluble with the aging fluid, the intermediate may not be required. In many cases, the wet 
gel can be dried directly from ethanol, or other suitable solvent. 

After drying, it is often preferable to bake the aerogel for a short time (such as 300(degree) for 15 to 60 
minutes) to help remove any residual materials, such as organics, that are in or on the aerogel. In some 
applications, it is also desirable to dehydroxylate (anneal) the dried gel. This may be done by placing the 
dry aerogel in a dry atmosphere comprising a surface modification agent, such as trimefhylchlorosilane 
(TMCS), hexamethyldisilazane (HMDS), or hexaphenyldisilazane vapor. The HMDS will replace much 
of the water and/or hydroxyls bound to the dried gel's pore surfaces with methyl groups. This 
replacement can be performed at room temperature, or warmer. This replacement can not only remove 
water and/or hydroxyls, it can also render the dried gel hydrophobic (water repelling). The 
hexaphenyldisilazane will also remove water and/or hydroxyls and render the dried gel hydrophobic. 
However, the phenyl groups have a higher temperature stability than the methyl groups. 

In accordance with an ethylene glycol-based embodiment of the present invention, mix tetraethoxysilane 
(TEOS), ethylene glycol, ethanol, water, and acid (1M HN03))) in a molar ratio of 1 : 2.4 : 1.5 : 1 : 
0.042 and reflux for 1 .5 hours at (equivalent to) 60(degree)C. After the mixture is allowed to cool, the 
solution is diluted down with ethanol to a composition of 70% (by volume) original stock solution and 
30% (by volume) ethanol. This is mixed vigorously and typically stored in a refrigerator at (equivalent 
to) 7(degree)C to maintain stability until use. The solution is warmed to room temperature prior to film 
deposition. A mixture of stock solution and 0.25M NH4))OH catalyst (10:1 volume ratio) is combined 
and mixed. 3-5 mL of this precursor sol may be dispensed at room temperature onto substrate 10, which 
is then spun at 1500 to 5000 rpm (depending on desired film thickness) for about 5-10 seconds to form 
sol thin film 14. The deposition can be performed in an atmosphere that is uncontrolled. However, it is 
preferable to deposit and gel the sol in a clean room with standard humidity controls. During and after 
this deposition and spinning, the ethanol/water mixture is evaporating from film 14, but due to ethylene 
glycol's low volatility, no substantial evaporation of the ethylene glycol is occurring. This evaporation 
shrinks thin film 14 and concentrates the silica content of the sol forming reduced thickness film 1». 
Figure 12B shows a reduced thickness sol film 18 obtained after substantially all (about 95% or more) of 
the ethanol has been removed. This concentrating, combined with the catalyst, typically causes gelation 
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In this embodiment, a processing apparatus comprises a body 20, having a substantially planar plate 22 
with a resilient seal 24 attached thereto. Plate 22 need only be planar to the extent necessary to provide 
clearance with a thin film during operation, and may be constructed of any material compatible with the 
underlying process (e.g., semiconductor fabrication), although materials with high thermal conductivity, 
such as stainless steel, glass, or aluminum are preferred. Resilient seal 24 should preferably be designed 
to withstand wet gel processing temperatures and pore fluids; many suitable matenals, including 
TEFLON- and neoprene-based materials, are known to those of ordinary skill in the art. Depending on 
the nature of temperature control used in the apparatus, it may be preferable to have seal 24 be either 
substantially thermally insulating or thermally conductive. 

In operation, body 20 may simply be rested on a substrate 26, as shown in Figure 16C. This substrate 
may be an optical substrate, such as glass or plastic, or a semiconductor substrate, such as a Si wafer. In 
this embodiment, seal 24 functions both as an atmospheric seal and as a spacer which sets the volume of 
chamber 32 formed by substrate surface 28, chamber surface 30 and seal 24. For example, seal 24 may 
be designed to compress to a thickness of about 1 mm under the weight of plate 22, thus creating 
chamber 32 with a 1 mm height when body 20 is placed on substrate 26. For many thin film 
applications, chamber 32 need only be substantially sealed, as some small degree of vapor leakage over 
the course of processing substrate 26 will not appreciably affect the final film properties. 

Body 20 finds application at many points in an aerogel thin film process. It may be used to limit 
evaporation before a sol film has gelled, as an aging chamber for wet gel thin films, as a storage or 
transport chamber for such films, or as a drying chamber. In all of these applications, it is recognized 
that both sol and gel thin films contain extremely small amounts of liquid, such that a chamber of 
limited volume is necessary to prevent substantial evaporation from the film. 

In another embodiment, body 20 may comprise more elements, as shown in Figures 1 7A and 1 7B. In 
this embodiment, body 20 additionally comprises a substrate holder 36 and substrate temperature control 
means 34. This embodiment shows the additional aspect of a seal 24 located outboard of the substrate 
(or in some cases seal 24 may even be deleted), such that a thin film may be formed on the entirety of 
substrate surface 28. When chamber 32 is closed, planar plate 22 and wafer holder 36 may be thermally 
coupled such that temperature control means 34 may be used to simultaneously regulate the temperature 
of body 20, substrate 26 and chamber 32. 

In another embodiment shown in Figures 18A and 1 8B, seal 24 provides some degree of thermal 
isolation between planar plate 22 and wafer holder 36. This allows temperature control means 34 to 
control substrate temperature, while separate temperature control means 38 are used to control planar 
plate temperature. Such an embodiment may have an advantage for drying a wet gel film, as the 
temperature of planar plate 22 can be selectively lowered to promote condensation on chamber surface 
30. 

Figures 19A, 19B and 19C show additional aspects of these aging chambers. For example, in Figure 
19A, substrate 26 is shown being processed in an inverted position. In this embodiment, accidental or 
purposeful condensation onto chamber surface 30 may be collected without the possibility of such 
condensation dropping onto substrate surface 26. In Figure 19B, not only is substrate 26 processed 
inverted, but a first solvent layer 42 (preferably of the same composition as at least one pore fluid) is 
dispensed, e.g., from a first solvent supply tube 40, onto chamber surface 30 prior to closing the 
chamber. In this embodiment, layer 42 may be used to help saturate the processing atmosphere, resulting 
in less evaporation of pore fluid from substrate 26. 

In Figure 19C, an embodiment is shown wherein some atmospheric adjustment means 44 is connected 
through at least one port 46 (which may be closeable) to chamber 32. Atmospheric adjustment means 44 
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may be used to create a vacuum or to overpressure chamber 32 as appropriate, or to exchange the 
atmosphere in chamber 32, or to supply a pore fluid vapor to chamber 32. This embodiment may be 
used, for example, to age a thin film at a temperature higher than the boiling point of a pore fluid, by 
operating chamber 32 at above atmospheric pressure. This embodiment may also be used to remove at 
least a portion of the pore fluid vapor from chamber 32 after aging, thereby allowing the thin film to dry. 

Although this invention has been described in terms of several embodiments, many of these steps may 
be modified within the scope of the invention, and other steps can be included to enhance the overall 
process. For example, the initial thin film may be deposited by other common methods, such as dip- 
coating, flow coating, or spray-coating instead of spin-coating. Likewise, the solvent exchange may use 
dip coating, spray coating, or immersion in a liquid or vaporous solvent instead of spin-coating. When 
using a vaporous solvent, the wafer may be cooled to a temperature lower than the atmosphere, thus 
promoting condensation on the wafer. While water might otherwise be considered a solvent in such a 
process, for discussion purposes in this application, water is not considered a solvent. 

Although both glycerol and ethylene glycol each have unique advantages, there are other low volatility 
solvents that can be useful in low shrinkage nanoporous dielectric fabrication. Although it is preferable 
to analyze a solvent to determine its expected evaporation rate, a preliminary preference on the selection 
of the low volatility solvent can be made. Nearly all solvents that have a low evaporation rate at room 
temperature will have a boiling point greater than 140(degree) C. Although some solvents with boiling 
points less than 140(degree) C may be useful, a preferred evaporation rate will typically be found with 
solvents that have a boiling point greater than 160(degree) C, and more preferably greater than 190 
(degree) C. Solvents with boiling points greater than 230(degree) C may also have low enough 
evaporation rates to be suitable for deposition and/or aging with little atmospheric control for short 
periods of time at 40-80(degree) C. For processing at 100-150(degree) C with little atmospheric control, 
it is preferable to use solvents with boiling points greater than 270(degree) C. This gives some rough 
preferences on the lower limit of preferred boiling points. There are also rough preferences on the upper 
limit of preferred boiling points. Most solvents with boiling points greater than 500(degree) C will be so 
viscous that they require extra care during processing. Typically, the more useful solvents will have 
boiling points less than 350(degree) C, and preferably less than 300(degree) C. If it is not convenient to 
dilute or heat the sol during deposition, it may even be preferable to use a low volatility solvent with a 
boiling point less than 250(degree) C. If no one solvent gives all the desired properties, two or more may 
be mixed to improve the performance. Thus, our initial preliminary preference on the selection of the 
low volatility solvent is a boiling point in the 175-250(degree) C range and (for TEOS based gels) that it 
be miscible with both water and ethanol. Based on these preliminary preferences, some suitable low 
volatility solvent candidates besides glycerol and ethylene glycol are 1,4-butylene glycol and 1,5- 
pentanediol. 

If it is convenient to do the deposition and aging above room temperature, this opens up additional 
possibilities. One modification would be to use a solvent that is not a liquid, but a solid, at room 
temperature. This allows the potential use of many more materials. Many of these higher melting point 
materials have even lower volatility than the low volatility "room temperature liquid solvents" (liquid 
solvents) have at elevated deposition and aging temperatures. Although there is no required upper 
melting point temperature, process simplicity indicates that these "room temperature solid 
solvents" (solid solvents) should have melting points less than 60 degrees C, and preferably less than 40 
degrees C. An additional desirable feature for a potential solid solvent is that it readily solidify to an 
amorphous phase. This amorphous solidification would reduce the chance of gel damage during an 
accidental cooling. Additionally, this might allow the solvent to be removed by freeze drying. An 
alternative approach to maintaining the precursor temperature above the melting point of a solid solvent 
is to dissolve the solid solvent in a carrier liquid. This carrier liquid can be water, alcohol, or any other 
liquid typically used in thin film aerogel/xerogel processing. The carrier liquid could also be a 
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compatible liquid introduced only as a carrier. 

The surprisingly good behavior of glycerol and ethylene glycol give some clues to other preferred 
solvents. We have identified several solvents that may give properties slightly different than either 
ethylene glycol or glycerol, yet still retain many of their advantages. The most promising additional 
solvents include 1 ,2,4-butanetriol; 1,2,3- butanetriol; 2 methyl-propanetriol; and 2-(hydroxymethyl)-l,3- 
propanediol; 1-4, l-4,butanediol; and 2-methyl-l,3-propanediol. Other potential solvents include the 
polyols, either alone or in combination with ethylene glycol, glycerol, or other solvents. 

This use of a low volatility solvent allows a loosening of the required atmospheric control during 
deposition, gelation, and/or aging. This is because, that even though saturation should still preferably be 
avoided, the atmospheric solvent concentration can be lowered without excessive evaporation. This 
wider concentration window can be used to allow wider variations in temperature across the deposition 
chamber (especially near the wafer and any evaporative cooling effects). An initial goal is to a low at 
least a 1 degree C temperature variation. Thus, the vapor concentration of the low volatility solvent in 
the atmosphere should be such that the condensation temperature (analogous to dew point) of the solvent 
vapor is at least 1 degrees Celsius less than the temperature of the substrate. Actually, the critical item is 
the surface of the deposited sol and/or gelled sol. However, the thin film nature of the sol keeps the 
temperature differences between the sol and the substrate small. Since it is may be much easier to 
measure the substrate temperature, these two temperatures will be used interchangeably in this patent. 
Even though 1 degree C temperature uniformity may be obtainable under some conditions, volume 
production will probably require at least a 3 degree C tolerance window, and preferably a 10 degree C 
tolerance window. However, the ultimate goal is to deposit, gel, and age in an uncontrolled or a 
substantially uncontrolled atmosphere. In this most preferred approach (a substantially uncontrolled 
atmosphere), atmospheric controls during deposition, gelation, and aging are limited to standard 
cleanroom temperature and humidity controls, although the wafer and/or precursor sol may have 
independent temperature controls. If this substantially uncontrolled atmosphere allows excessive 
evaporation, then either passive or less preferably, active atmospheric controls may be needed. For the 
purposes of this application, passive controls are limited to the placing the wafer in a relatively small 
container. This container may be partially or fully sealed and may or may not also contain a liquid 
reservoir of the solvent. However, the container will not have exotic environmental controls tor the 
wafer, container atmosphere, and/or reservoir. 

Another example of modification to the basic method is that, before drying (and generally, but not 
necessarily, after aging), the thin film wet gel 18 may have its pore surfaces modified with a surface 
modification agent. This surface modification step replaces a substantial number of the molecules on the 
pore walls with those of another species. If a surface modifier is applied, it is generally preferable to 
remove the water from the wet gel 18 before the surface modifier is added. The water can be removed 
by rinsing the wafer in pure ethanol, preferably by a low speed spin coating as described in the solvent 
exchange in the first embodiment example. This water removal is beneficial, because water will react 
with many surface modification agents, such as HMDS; however, it is not necessary. With our new 
glycerol-based method, surface modification need not be performed to help prevent pore col apse, but it 
can be used to impart other desirable properties to the dried gel. Some examples of potentially desirable 
properties are hydrophobicity, reduced dielectric constant, increased resistance to certain chemicals, and 
improved temperature stability. Some potential surface modifiers that may impart desirable properties 
include hexamethyldisilazane (HMDS), the alkyl chlorosilanes (trimethylchlorosilane (TMCS), 
dimethyldichlorosilane, etc.), the alkylalkoxysilanes (trimethylmethoxysilane, dimethyldimethoxysilane, 
etc.), phenyl compounds and fluorocarbon compounds. One useful phenyl compound is 
hexaphenyldisilazane. Some other useful phenyl compounds will typically follow the basic formula, 
Phx))Ay))SiB(4-x-y))) , where, Ph is a phenolic group, A is a reactive group such as CI or OCH3)), and 
B are the remaining ligands which, if there are two, can be the same group or different. Some examples 
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of these phenyl surface modification agents include compounds with 1 phenolic group such as 
phenyltrichlorosilane, phenyltrifluorosilane, phenyltrimethoxysilane, phenyltriethoxysilane, 
phenylmethylchlorosilane, phenylethyldichlorosilane, phenyldimethylethoxysilane, 
phenyldimethylchlorosilane, phenyldichlorosilane, phenyl(3-chloropropyl)dichlorosilane, 
phenylmethylvinylchlorosilane, phenethyldimethylchlorosilane, phenyltrichlorosilane, 
phenyltrimethoxysilane, phenyltris(trimethylsiloxy)silane, and phenylallyldichlorosilane. Other 
examples of these phenyl surface modification agents include compounds with 2 phenolic groups such 
as diphenyldichlorosilane, diphenylchlorosilane, diphenylfluorosilane, diphenylmethylchlorosilane, 
diphenylethylchlorosilane, diphenyldimethoxysilane, diphenylmethoxysilane, diphenylethoxysilane, 
diphenylmethylmethoxysilane, diphenylmethylethoxysilane and diphenyldiethoxysilane. These phenyl 
surface modification agents also include compounds with 3 phenolic groups such as 
triphenylchlorosilane, triphenylflourosilane, and triphenylethoxysilane. Another important phenyl 
compound, 1,3-diphenyltetramethyldisilazane, is an exception to this basic formula. These lists are not 
exhaustive, but do convey the basic nature of the group. The useful fluorocarbon based surface 
modification agents include (3,3,3-trifluoropropyl)trimethoxysilane), (tridecafluoro-1 ,1 ,2,2- 
tetrahydrooctyl)-ldimethylchlorsilane, and other fluorocarbon groups that have a reactive group, such as 
CI or OCH3)), that will form covalent bonds with a hydroxyl group. 

The paragraph above lists some of the typical useful properties for many conventional applications. 
However, there are other potential applications for nanoporous dielectrics and aerogels that may have 
different desirable properties. Examples of some other potentially desirable properties include 
hydrophilicity, increased electrical conductivity, increased dielectric breakdown voltage, increased or 
decreased reactivity with certain chemicals, and increased volatility. This list is not exhaustive. 
However, it shows that, depending upon the application, many different types of properties may be 
desirable. Thus, it is clear that many other materials that will form covalent bonds with hydroxyl groups 
are potential surface modifiers that may impart other potentially desirable properties. 

This invention also comprises the use of gelation catalysts, such as ammonium hydroxide. This also 
includes the allowance of other gelation catalysts in place of the ammonium hydroxide and/or for the 
gelation catalyst to be added after deposition. Typically, these alternate catalysts modify the pH of the 
sol. It is preferable to use catalysts that raise the pH, although acid catalysts can be used. Typically, acid 
catalysis results in longer processing times and a denser dielectric than a base catalyzed process. Some 
examples of other preferred gelation catalysts include ammonia, the volatile amine species (low 
molecular weight amines) and volatile fluorine species. When the catalyst is added after deposition, it is 
preferable to add the catalyst as a vapor, mist, or other vaporish form. 

This invention allows production of nanoporous dielectrics at room temperature and atmospheric 
pressure, without a separate surface modification step. Although not required to prevent substantial 
densification, this new method does not exclude the use of supercritical drying or surface modification 
steps prior to drying. To the extent that the freezing rates are fast enough to prevent large (e.g., 50 nm) 
crystals, it is also compatible with freeze drying. In general, this new method is compatible with most 
prior art aerogel techniques. 

Other examples of modifications involve the reaction atmosphere and/or temperature. Also coating and 
gelation need not be performed in the same chamber or even in the same atmosphere. For instance, the 
substrate may have its temperature lowered to retard gelation or elevated to speed surface modification 
and/or gelation. Also, total pressure and/or temperature may be varied to further control evaporation 
rates and/or gel time. Elevated temperature processing is typically performed at no less than 40(degree) 
C; however, 50(degree)C is preferred, and 70(degree)C is more preferred. When working at elevated 
temperatures, care should be taken (e.g., the partial pressures in the reaction atmosphere should be high 
enough) to prevent solvent boiling. 
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Although TEOS has been used as a representative example of a reactant, other metal alkoxides may be 
used either alone or in combination with TEOS or each other to form a silica network. These metal 
alkoxides include tetramethoxysilane (TMOS), methyltriethoxysilane (MTEOS), 1 ,2-Bis 
(trimethoxysilyl)ethane (BTMSE), combinations thereof, and other silicon-based metal alkoxides known 
in the art. A sol may also be formed from alkoxides of other metals known in the art such as aluminum 
and titanium. Some other precursor sols known in the art include particulate metal oxides and organic 
precursors. Two representative particulate metal oxides are pyrogenic (fumed) silica and colloidal silica. 
Some representative organic precursors are melamine, phenol furfural, and resorcinol. In addition to 
alternate reactants, alternate solvents may also be used. Some examples of preferred alternates for 
ethanol are methanol and the other higher alcohols. Other acids may be used as a precursor sol stabilizer 
in place of the nitric acid. 

An additional modification is to allow and/or promote the formation of moderate sized (15 to 150 
monomers per molecule) oligomers in the precursor sol. These larger oligomers may speed the gelation 
process in the deposited sol. A sol containing large oligomers may have a higher viscosity than a sol 
with small oligomers. However, as long as the viscosity is stable, this higher viscosity can be 
compensated by methods known in the art, such as adjusting solvent ratios and spin conditions. To help 
achieve this desired stable viscosity, the oligomerization may need to be slowed or substantially halted 
before deposition. Potential methods of promoting oligomerization might include heating the precursor 
sol, evaporating solvent, or adding small amounts of a gelation catalyst such as ammonium hydroxide. 
Potential methods of retarding oligomerization might include cooling the precursor sol, diluting the sol 
with asolvent, or restoring the precursor sol to a pH that minimizes condensation and gelation (Nitric 
acid could be used in conjunction with the ammonium hydroxide exemplified above). 

Although the present invention has been described with several sample embodiments, various changes 
and modifications may be suggested to one skilled in the art. It is intended that the present invention 
encompass such changes and modifications as fall within the scope of the appended claims. 

Specification: 

This invention pertains generally to precursors for nanoporous (fine-pored) aerogel fabrication, and 
more particularly to precursors suitable for subcritical and supercritical drying of bulk and thin film 
aerogels. 

BACKGROUND OF THE INVENTION 

Aerogels are porous silica materials which can be used for a variety of purposes including as films (e.g. 
as electrical insulators on semiconductor devices or as optical coatings) or in bulk (e.g. as thermal 
insulators). For ease of discussion, the examples herein will be mainly of usage as electrical insulators 
on semiconductor devices. 

Semiconductors are widely used in integrated circuits for electronic devices such as computers and 
televisions. Semiconductor and electronics manufacturers, as well as end users, desire integrated circuits 
which can accomplish more in less time in a smaller package while consuming less power. However, 
many of these desires are in opposition to each other. For instance, simply shrinking the feature size on a 
given circuit from 0.5 microns to 0.25 microns can increase energy use and heat generation by 30%. 
Miniaturization also generally results in increased capacitive coupling, or crosstalk, between conductors 
which carry signals across the chip. This effect both limits achievable speed and degrades the noise 
margin used to insure proper device operation. One way to reduce energy use/heat generation and 
crosstalk effects is to decrease the dielectric constant of the insulator, or dielectric, which separates 
conductors. US Patent 5,470,802, issued to Gnade et al., provides background on several of these 
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schemes. 

A class of materials, nanoporous dielectrics, includes some of the most promising new materials for 
semiconductor fabrication. These dielectric materials contain a solid structure, for example of silica, 
which is permeated with an interconnected network of pores having diameters typically on the order of a 
few nanometers. These materials may be formed with extremely high porosities, with corresponding 
dielectric constants typically less than half the dielectric constant of dense silica. And yet despite their 
high porosity, it has been found that nanoporous dielectrics may be fabricated which have high strength 
and excellent compatibility with most existing semiconductor fabrication processes. Thus nanoporous 
dielectrics offer a viable low-dielectric constant replacement for common semiconductor dielectrics such 
as dense silica. 

The preferred method for forming nanoporous dielectrics is through the use of sol-gel techniques. The 
word sol-gel does not describe a product but a reaction mechanism whereby a sol, which is a colloidal 
suspension of solid particles in a liquid, transforms into a gel due to growth and interconnection of the 
solid particles. One theory is that through continued reactions within the sol, one or more molecules in 
the sol may eventually reach macroscopic dimensions so that it/they form a solid network which extends 
substantially throughout the sol. At this point (called the gel point), the substance is said to be a gel. By 
this definition, a gel is a substance that contains a continuous solid skeleton enclosing a continuous 
liquid phase. As the skeleton is porous, the term "gel" as used herein means an open-pored solid 
structure enclosing a pore fluid. 

One method of forming a sol is through hydrolysis and condensation reactions, which can cause a 
multifunctional monomer in a solution to polymerize into relatively large, highly branched particles. 
Many monomers suitable for such polymerization are metal alkoxides. For example, a tetraethoxysilane 
(TEOS) monomer may be partially hydrolyzed in water by the reaction Reaction conditions may be 
controlled such that, on the average, each monomer undergoes a desired number of hydrolysis reactions 
to partially or fully hydrolyze the monomer. TEOS which has been fully hydrolyzed becomes Si(OH) 
4)). Once a molecule has been at least partially hydrolyzed, two molecules can then link together in a 
condensation reaction, such as or to form an oligomer and liberate a molecule of water or ethanol. The 
Si-O-Si configuration in the oligomer formed by these reactions has three sites available at each end for 
further hydrolysis and condensation. Thus, additional monomers or oligomers can be added to this 
molecule in a somewhat random fashion to create a highly branched polymeric molecule from literally 
thousands of monomers. An oligomerized metal alkoxide, as defined herein, comprises molecules 
formed from at least two alkoxide monomers, but does not comprise a gel. 

Sol-gel reactions form the basis for xerogel and aerogel film deposition. In a typical thin film xerogel 
process, an ungelled precursor sol may be applied (e.g., spray coated, dip-coated, or spin-coated) to a 
substrate to form a thin film on the order of several microns or less in thickness, gelled, and dried to 
form a dense film. The precursor sol often comprises a stock solution and a solvent, and possibly also a 
gelation catalyst that modifies the pH of the precursor sol in order to speed gelation. During and after 
coating, the volatile components in the sol thin film are usually allowed to rapidly evaporate. Thus, the 
deposition, gelation, and drying phases may take place simultaneously (at least to some degree) as the 
film collapses rapidly to a dense film. In contrast, an aerogel process differs from a xerogel process 
largely by avoiding pore collapse during drying of the wet gel. Some methods for avoiding pore collapse 
include wet gel treatment with condensation-inhibiting modifying agents (as described in Gnade '802) 
and supercritical pore fluid extraction. 

SUMMARY OF THE INVENTION 

The present invention is directed to a metal-based aerogel precursor sol, comprising a metal-based 
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aerogel precursor sol, comprising an aerogel precursor reactant selected from the group consisting of 
metal alkoxides, at least partially hydrolyzed metal alkoxides, particulate metal oxides, and 
combinations thereof, and a polyol as a first solvent, the polyol being selected from the group of 
glycerol, ethylene glycol, 1,4-butylene glycol, 1,5-pentanediol, 1,2,4-butanetriol, 1,2,3-butanetriol, 2- 
methyl-propanetriol, 2-(hydroxymethyl)- 1,3 -propanediol, 1-4,1-4-butanediol, 2-methyM,3-propanediol, 
and combinations thereof, wherein, the molar ratio of said first solvent molecules to the metal atoms in 
said reactant is at least 1:16. 

The invention further pertains to a non-supercritical method of forming a nonoporous aerogel, said 
method comprising the steps: 

providing an aerogel precursor sol as defined in any one of claims 1 to 25, said sol being dispersed in 
said first solvent and a second solvent, 

evaporating substantially all of said second solvent while preventing substantial evaporation of said first 
solvent, and allowing the sol to create a gel, wherein the gel comprises a porous solid and a pore fluid; 

continuing to prevent substantial evaporation of said first solvent from said sol until a drying step, 

wherein said drying step comprises forming a dry aerogel by removing the pore fluid in a non- 
supercritical drying atmosphere without substantial collapse of the porous solid; 

whereby the skeletal density of the dry aerogel is determined approximately by the volume ratio of said 
aerogel precursor reactant to said first solvent in said aerogel precursor sol. 

Between aerogels and xerogels, aerogels are the preferable of the two dried gel materials for 
semiconductor thin film nanoporous dielectric applications. Typical thin film xerogel methods produce 
films having limited porosity (up to 60% with large pore sizes, but generally substantially less than 50% 
with pore sizes useful in submicron semiconductor fabrication). While some prior art xerogels have 
porosities greater than 50%; these prior art xerogels had substantially larger pore sizes (typically above 
100 nm). These large pore size gels have significantly less mechanical strength. Additionally, their large 
size makes them unsuitable for filling small (typically less than 1 (mu)m, and potentially less than 100 
nm) patterned gaps on a microcircuit and limits their optical film uses to only the longer wavelengths. A 
nanoporous aerogel thin film, on the other hand, may be formed with almost any desired porosity 
coupled with a very fine pore size. Generally, as used herein, nanoporous materials have average pore 
sizes less than about 25 nm across, but preferably less than 20 nm (and more preferably less than 10 
nanometers and still more preferably less than 5 nanometers). In many formulations using this method, 
the typical nanoporous materials for semiconductor applications may have average pore sizes at least 1 
nm across, but more often at least 3 nm. The nanoporous inorganic dielectrics include the nanoporous 
metal oxides, particularly nanoporous silica. 

In many nanoporous thin film applications, such as aerogels and xerogels used as optical films or in 
microelectronics, the precise control of film thickness and aerogel density are desirable. Several 
important properties of the film are related to the aerogel density, including mechanical strength, pore 
size and dielectric constant. It has now been found that both aerogel density and film thickness are 
related to the viscosity of the sol at the time it is applied to a substrate. This presents a problem which 
was heretofore unrecognized. This problem is that with conventional precursor sols and deposition 
methods, it is extremely difficult to control both aerogel density and film thickness independently and 
accurately. 



http://toolkit.dialogxom/intranet/cgi/present?STYLE=1360084482&PRESENT=DB=3 3/2/2006 



Dialog Results 



Page 31 of 73 



Nanoporous dielectric thin films may be deposited on patterned wafers, often over a level of patterned 
conductors. It has now been recognized that sol deposition should be completed prior to the onset of 
gelation to insure that gaps between such conductors remain adequately filled and that the surface of the 
gel remains substantially planar. To this end, it is also desirable that no significant evaporation of pore 
fluid occur after gelation, such as during aging. Unfortunately, it is also desirable that the gel point be 
reachable as soon after deposition as possible to simplify processing, and one method for speeding 
gelation of thin films is to allow evaporation to occur. It is recognized herein that a suitable precursor sol 
for aerogel deposition should allow control of film thickness, aerogel density, gap fill and planarity, and 
be relatively stable prior to deposition, and yet gel relatively soon after deposition and age without 
substantial evaporation. 

A method has now been found which allows controlled deposition of aerogel thin films from a multi- 
solvent precursor sol. In this method, sol viscosity and film thickness may be controlled relatively 
independently. This allows film thickness to be rapidly changed from a first known value to a second 
known value which can be set by solvent ratios and spin conditions, thus keeping film thickness largely 
independent of aerogel density and allowing rapid gelation. However, at the same time, the solid:liquid 
ratio present in the film at drying (and therefore the aerogel density) can be accurately determined in the 
precursor sol prior to deposition, independent of spin conditions and film thickness. 

Even with this novel separation of the deposition problem into viscosity control and density control 
subproblems, our experience has been that thin film sol-gel techniques for forming xerogels and 
aerogels generally require some method, such as atmospheric control, to limit evaporation before drying, 
such as after gelation and during aging. In principle, this evaporation rate control can be accomplished 
by controlling the solvent vapor concentration above the wafer. However, our experience has shown that 
the solvent evaporation rate is very sensitive to small changes in the vapor concentration and 
temperature. In an effort to better understand this process, we have modeled the isothermal vaporization 
of several solvents from a wafer as a function of percent saturation. The ambient temperature 
evaporation rates for some of these solvents are given in Figure 1. For evaporation to not be a processing 
problem, the product of the evaporation rate and processing time (preferably on the order of minutes) 
should be significantly less than the film thickness. This suggests that for solvents such as ethanol, the 
atmosphere above the wafer would have to be maintained at over 99% saturation. However, there can be 
problems associated with allowing the atmosphere to reach saturation or supersaturation. Some of these 
problems are related to condensation of an atmospheric constituent upon the thin film. Condensation on 
either the gelled or ungelled thin film has been found to cause defects in an insufficiently aged film. 
Thus, it is generally desirable to control the atmosphere such that no constituent is saturated. 

Rather than using a high volatility solvent and precisely controlling the solvent atmosphere, we have 
discovered that a better solution is to use a low volatility solvent with less atmospheric control. Upon 
investigating this premise, we have discovered that glycerol makes an excellent solvent. 

The use of glycerol allows a loosening (as compared to prior art solvents) of the required atmospheric 
control during deposition, gelation, and/or aging. This is because, that even though saturation should 
still preferably be avoided, the atmospheric solvent concentration can be lowered without excessive 
evaporation. Figure 2 shows how the evaporation rate of glycerol varies with temperature and 
atmospheric solvent concentration. It has been our experience that, with glycerol, acceptable gels can be 
formed by depositing, gelling and aging in an uncontrolled or a substantially uncontrolled atmosphere. 

In the production of nanoporous dielectrics it is preferable to subject the wet gel thin film to a process 
known as aging. Hydrolysis and condensation reactions do not stop at the gel point, but continue to 
restructure, or age, the gel until the reactions are purposely halted. It is believed that during aging, 
preferential dissolution and redeposition of portions of the solid structure produce beneficial results, 
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including higher strength, greater uniformity of pore size, and a greater ability to resist pore collapse 
during drying. Unfortunately, we have now found that conventional aging techniques used for bulk gels 
are poorly suited for aging thin films in semiconductor processing, partly because they generally require 
liquid immersion of the substrate and partly because they require days or even weeks to complete. One 
aspect of this invention includes a vapor phase aging technique that avoids liquid immersion or 
premature drying of the wet gel thin film and that, surprisingly, can age such a thin film in a matter of 
minutes. 

Again, aerogels are nanoporous materials which can be used for a variety of purposes including as films 
or in bulk. It should be noted, however, the problems incurred in film fabrication processing is so 
different from bulk processing problems, that, for practical purposes, film processing is not analogous to 
bulk processing. 

Generally, we have now found that aging in a saturated atmosphere avoids the difficulties encountered 
with liquid immersion aging. Furthermore, this aspect of the invention provides several approaches for 
aging wet gels at increased temperatures. These methods may be used even when the wet gel originally 
contains low boiling point pore liquids. However, they work better with low volatility solvents. Finally, 
this aspect of the invention provides for adding an optional vapor phase aging catalyst to the aging 
atmosphere to speed aging. 

Aging a wet gel in thin film form is difficult, as the film contains an extremely small amount of pore 
fluid that should be held fairly constant for a period of time in order for aging to occur. If pore fluid 
evaporates from the film before aging has strengthened the network, the film will tend to density m 
xerogel fashion. On the other hand, if excess pore fluid condenses from the atmosphere onto the thin 
film before the network has been strengthened, this may locally disrupt the aging process and cause film 
defects. 

Thus, we now know that some method of pore fluid evaporation rate control during aging is beneficial 
to aerogel thin film fabrication. In principle, evaporation rate control during aging can be accomplished 
by actively controlling the pore fluid vapor concentration above the wafer. However, the total amount of 
pore fluid contained in, for instance, a 1 mm thick 70% porous wet gel deposited on a 150 mm wafer is 
only about 0.012 mL, an amount that would easily fit in a single 3 mm diameter drop of fluid. Typical 
thin films used for nanoporous dielectrics on semiconductor wafers are approximately 1000 times 
thinner. Thus, actively controlling the pore fluid vapor concentration (by adding or removing solvent to 
the atmosphere) to allow no more than, e.g., 1%, or less, pore fluid evaporation during aging presents a 
difficult proposition; the surface area of the thin film is high and the allowable tolerance for pore fluid 
variations is extremely small. In particular, evaporation and condensation control are especially 
important for rapid aging at elevated temperature, where film production processes have heretofore 
apparently not been practically possible. 

We have overcome the evaporation rate control problem by not attempting to actively control pore fluid 
vapor concentration above a wafer at all. Instead, the wafer is processed in an extremely low-volume 
chamber, such that through natural evaporation of a relatively small amount of the pore fluid contained 
in the wet gel film, the processing atmosphere becomes substantially saturated in pore fluid. Unless the 
wafer is cooled at some point in a substantially saturated processing atmosphere, this method also 
naturally avoids problems with condensation, which should generally be avoided, particularly during 
high temperature processing. 

A metal-based nanoporous aerogel precursor sol is disclosed herein. This nanoporous aerogel precursor 
sol comprises a metal-based aerogel precursor reactant and a first solvent comprising a first polyol; 
wherein, the molar ratio of the first solvent molecules to the metal atoms in the reactant is at least 1:16. 
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Preferably, the first polyol is glycerol. *f £^ ^al 
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porosity thin film nanoporous aerogels to be deposited, gelled, rapidly aged at an elevated temperature, 
and dried with only passive atmospheric controls, such as limiting the volume of the aging chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention, including various features and advantages thereof, may be best understood with 
reference to the following drawings, wherein: 

Figure 1 contains a graph of the variation of evaporation rate with saturation ratio and solvent type. 

Figure 2 contains a graph of the evaporation rate for glycerol a function of temperature and atmospheric 
saturation ratio. 

Figure 3 contains a graph of the theoretical relationship between porosity, refractive index, and dielectric 
constant for nanoporous silica dielectrics. 

Figure 4 contains a graph of the change in gel times (without solvent evaporation) for bulk ethylene 
glycol-based gels as a function of base catalyst 

Figure 5 contains a graph of the variation of modulus with density for a non-glycol-based gel and an 
ethylene glycol-based gel. 

Figure 6 contains a graph showing the distribution of pore sizes of a bulk glycerol-based nanoporous 
dielectric according to the present invention. 

Figure 7 contains a graph of the evaporation rate for ethylene glycol as a function of temperature and 
atmospheric saturation ratio. 

Figure 8 contains a graph showing the change in vapor pressure with temperature. 

Figure 9 contains a graph showing the shrinkage of a thin film when dried in a 5 mm thick container. 

Figure 10 contains a graph showing the shrinkage of a thin film when dried in a 1 mm thick container. 

Figures 1 1 A-l IB contain graphs of the viscosity variation as a function of alcohol volume fraction for 
some ethylene glycol/alcohol and glycerol/alcohol mixtures. 

Figures 12A-12B contain cross-sections of a semiconductor substrate at several points during deposition 
of a thin film according to the present invention. 

Figure 13 is a flow chart of a deposition process for a nanoporous dielectric according to the present 
invention. 

Figure 14 contains a graph of the theoretical molar ratio of glycerol molecules to metal atoms vs. 
porosity of a nanoporous dielectric according to the present invention. 

Figure 15 contains a graph of relative film thickness and relative film viscosity as a function of time for 
one embodiment of the present invention. 

Figures 16A and 16B contain, respectively, a cross-sectional and a plan view of a sol-gel thin film 
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processing apparatus according to the present invention. 

Figure 16C contains a cross- sectional view of the same apparatus in contact with a suhstrate. 

Figures 17A and 17B contain, respectively, cross-sectional views of another apparatus according to the 
present invention, empty and enclosing a substrate. 

Figures 18A and 18B contain, respectively, cross-sectional views of yet another apparatus according to 
the present invention, empty and enclosing a substrate. 

Figures 19A, 19B and 19C contain cross-sectional views of additional apparatus configurations which 
illustrate other aspects of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Typical sol-gel thin film processes produce gels which collapse and density upon drying, thus forn 2 in g 
xerogels having only a few percent porosity. Under the uncontrolled drying conditions of xerogel film 
formation, it has been neither critical nor possible to completely separate the deposition, aggregation, 
gelation, and drying steps during formation of the thin film, as the entire process may be completed in a 
few seconds. However, it has now been found that such methods are generally unsuited for depositing 
high porosity thin films with a controllable low density; because in an aerogel type drying process, the 
film remains substantially undensified after drying, its final density is largely determined by the 
solid:liquid ratio in the film at the gel time. It has now been discovered that the following criteria are 
desirable for aerogel thin film deposition, particularly where the thin film is required to plananze and/or 
gap fill a patterned wafer: 

1) an initial viscosity suitable for spin-on application 

2) stable viscosity at deposition 

3) stable film thickness at gel time 

4) a predetermined solidrliquid ratio at gel time 

5) gelation shortly after deposition No prior art precursor sol and method have been found which meet 
these conditions. However, in accordance with the present invention, it has now been found that a sol 
prepared with at least two solvents in specific ratios may be used to meet these conditions. 

The method of depositing and gelling such a precursor sol can be best understood with reference to 
Figure 15. 

As shown in Figure 15 for time t=0, a multi-solvent precursor sol may be spun onto a wafer at an initial 
film thickness DO and an initial viscosity hO. This is preferably done in a controlled atmosphere having a 
partial pressure of the low volatility solvent which greatly retards evaporation of the low volatility 
solvent from the wafer. Thus after spin-on application, the high volatility solvent is preferentially 
removed from the wafer during evaporation time period Tl while the low volatility solvent is 
maintained, thereby decreasing the film thickness to Dl . Viscosity also changes during this time to hi, 
preferably due primarily to the removal of solvent. Ideally, little cross-linking of polymeric clusters in 
the sol occurs during this time. At the end of Tl, substantially all of the high volatility solvent should be 
evaporated, at which time film thickness should stabilize or proceed to shrink at a much reduced rate, 
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deposition and gelation are typically limited to cleanroom temperature and humidity controls, although 
the wafer and/or precursor sol may have independent temperature controls. 

One attractive feature of using glycerol as a solvent is that at ambient temperature, the evaporation rate 
is sufficiently low so that several hours at ambient conditions will not yield dramatic shrinkage for thin 
films. It has been our experience that with glycerol, acceptable gels can be formed by depositing, 
gelling, and aging in an uncontrolled or a substantially uncontrolled atmosphere. With glycerol, the 
ambient temperature evaporation rate is sufficiently low so that several hours at ambient conditions will 
not yield dramatic shrinkage for thin films. It has also been our experience that with ethylene glycol, 
acceptable gels can be formed by depositing, and gelling an uncontrolled or a substantially uncontrolled 
atmosphere. With ethylene glycol, the ambient temperature evaporation rate is higher than glycerol, but 
still sufficiently low so that several minutes at ambient conditions will not yield dramatic shrinkage for 
thin films. However, the ethylene glycol-based sols have significantly lower viscosities than comparable 
glycerol-based sols, thus simplifying deposition. Also, the pore fluids in glycerol-based sols have 
significantly higher surface tensions than comparable ethylene glycol-based sols, thus making low 
shrinkage drying more difficult. 

In addition to serving as a low vapor pressure and water-miscible solvent, ethylene glycol and glycerol 
may also participate in sol-gel reactions. Although the exact reactions in this process have not been fully 
studied, some reactions can be predicted. If tetraethoxysilane (TEOS) is employed as a precursor, 
ethylene glycol can exchange with the ethoxy groups: 

Similarly, if tetraethoxysilane (TEOS) is employed as a precursor with a glycerol solvent, the glycerol 
can exchange with the ethoxy groups: 

In principle, the presence and concentration of these chemical groups can change the precursor reactivity 
(i.e., gel time), modify the gel microstructure (surface area, pore size distribution, etc.), change the aging 
characteristics, or change nearly any other characteristic of the gel. 

The use of a new solvent system can change a wide range of processing parameters including gel time, 
viscosity, aging conditions and drying shrinkage. Many of these properties such as gel times are difficult 
to measure on thin films. Although bulk and thin film properties may be different, it is often useful to 
perform a series of experiments on bulk samples (e.g. approximately 5 mm diameter by 30 mm long) to 
provide a better understanding of how changing solvent systems affects the nanoporous silica process. 

Glycerol can react with TEOS and produce a dried gel with surprisingly different properties than that of 
an ethanol/TEOS gel. Unanticipated property changes in the glycerol/TEOS based gels generally include 
(at least on most formulations): 

Lower density is achievable without supercritical drying or pre-drying surface modification 

Greatly simplified aging 

Shorter gel times even without a catalyst 

Strengths of bulk samples which are approximately an order of magnitude greater (at a given density) 
than conventional TEOS gels 

Very high surface area ((equivalent to)l,000 m2)/g) 
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High optical clarity of bulk samples (This is likely due to a narrow pore size distribution) 

Low density -- With this invention, it is possible to form dried gels at very low densities without pre- 
drying surface modification or supercritical drying. These low densities can generally be down around .3 
to .2 g/cm3) (non-porous Si02)) has a density of 2.2g/cm3)), or with care, below .1 g/cm3). Stated in 
terms of porosity (porosity is the percentage of a structure which is hollow), this denotes porosities of 
about 86% and 91% (about 95% porosity with a density of .1 g/cm3)). As shown in Figure 3, these 
porosities correspond to dielectric constants of about 1.4 for the 86% porous, and 1.2 for 91% porous. 
The actual mechanism that allows these high porosities is not fully known. However, it may be because 
the gels have high mechanical strength, because the gels do not have as many surface OH (hydroxyl) 
groups, a combination of these, or some other factors. This method also seems to obtain excellent 
uniformity across the wafer. 

If desired, this process can be adjusted (by varying the TEOS/solvent ratios) to give any porosity from 
above 90% down to about 50%. Typical prior art dried gels with small pore sizes required either 
supercritical drying or a surface modification step before drying to achieve these low densities. While 
some prior art xerogels have porosities greater than 50%; these prior art xerogels had substantially larger < 
pore sizes (typically above 1 00 nm). These large pore size gels have significantly less mechanical 
strength. Additionally, their large size makes them unsuitable for filling small (typically less than 1 (mu) 
m) patterned gaps on a microcircuit. If desired, this process can also be adjusted (by varying the 
TEOS/solvent ratios) to provide porosities below 50%. Porosities down to 20% are possible when care 
is taken to prevent premature gelation. 

Thus, this invention has enabled a new, simple nanoporous low density dielectric fabrication method. 
This new glycerol-based method allows both bulk and thin film aerogels to be made without 
supercritical drying, or a surface modification step before drying. Prior art aerogels have required at 
least one of these steps to prevent substantial pore collapse during drying. Density Prediction - By 
varying the ratio of glycerol to silicon (or other metal), the density after drying can be accurately 
predicted. This accuracy is likely due to the well controlled evaporation allowed by the low volatility 
glycerol solvent. As our process shows excellent shrinkage control during aging and drying, this allows 
accurate prediction of the density (and thus porosity) of the dried gel. Although density prediction had 
not generally been considered a large problem with bulk gels, it had typically been difficult to predict 
the final porosity of thin film gels. This accurate density prediction, even for low porosity dried gels, is 
one reason why this new process might be preferred over existing xerogel processes for forming low 
porosity gels. 

Simplified Aging - We have found that in the production of nanoporous dielectrics it is preferable to 
subject the wet gel thin film to a process known as aging. Hydrolysis and condensation reactions do not 
stop at the gel point, but continue to restructure, or age, the gel until the reactions are purposely halted. It 
is believed that during aging, preferential dissolution and redeposition of portions of the solid structure 
produce beneficial results. These beneficial results include higher strength, greater uniformity of pore 
size, and a greater ability to resist pore collapse during drying. However, aging a wet gel in thin film 
form is difficult, as the film contains an extremely small amount of pore fluid that should be held fairly 
constant for a period of time in order for aging to occur. If pore fluid evaporates from the film before 
aging has strengthened the network, the film will tend to density in xerogel fashion. On the other hand, 
if excess pore fluid condenses from the atmosphere onto the thin film before the network has been 
strengthened, this may locally disrupt the aging process and cause film defects. 

Our new, glycerol-based process has radically simplified aging of thin film nanoporous dielectrics. 
Other thin film nanoporous dielectric aging processes have either allowed significant evaporation, fluid 
condensation, or required a controlled aging atmosphere. During deposition and gelation, at least to 
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some degree, these glycerol-based processes behave similarly to the ethylene glycol-based processes 
described below. However, the ethylene glycol-based gels typically require atmospheric controls to 
prevent significant evaporation during aging, even at room temperature. In contrast, the glycerol-based 
gels have dramatically lower evaporation and shrinkage rates during aging. This allows atmospheric 
control to be loosened or eliminated during aging. We can fabricate high quality, thin film, glycerol- 
based nanoporous dielectrics with only passive atmospheric controls during room temperature or high 
temperature aging. 

Shorter Gel Times — The use of glycerol also substantially shortens the gel time. Many typical ethanol- 
based precursors have gel times of at least 400 seconds, when catalyzed (much longer w/o catalysis). 
However, we discovered that some glycerol-based precursors will gel during wafer spin-on, even 
without catalysis. This quick gelation is not only faster than an ethanol-based gel, but also surprisingly 
faster than an ethylene glycol-based gel. Figure 4 shows gel times for two different ethylene glycol- 
based compositions as a function of the amount of ammonia catalyst used. These gel times are for bulk 
gels for which there is no evaporation of ethanol and/or water as there would be for thin films. 
Evaporation increases the silica content and thus, decreases the gel time. Therefore, these gel times may 
be the upper limit for a given precursor/catalyst. The gel times reported in Figure 4 are approximately an 
order of magnitude shorter than conventional ethanol-based precursors. Gel times generally also exhibit 
a first order dependence on the concentration of ammonia catalyst. This implies that it may be possible 
to easily control the gel times. 

For thin films of these new glycerol-based gels, it is routine to obtain gelation within seconds, even 
without a gelation catalyst. We have identified several mechanisms that can be used to launch gelation 
in thin films, without the addition of a catalyst. One method is the concentration of the precursor sol by 
allowing a volatile solvent to evaporate. Another method is increasing the pH by allowing an acid in the 
precursor sol to evaporate. This evaporative basification relies on increasing the precursor sol pH to help 
initiate gelation. However, this basification process does not typically require a pH change from below 7 
to above 7. This evaporative basification acts similarly to a typical base catalysis process, greatly 
speeding gelation. At room temperature and pressure, some acids, such as nitric acid, have evaporation 
rates comparable to ethanol. Varying the concentrations and/or types of the high volatility solvent(s) 
and/or stabilizing acid provides a simple, yet tremendous flexible method for adjusting the gelation time. 

Higher Strength — The properties of the glycerol-based samples appear to be quite different from regular 
gels as evidenced by both their low degree of drying shrinkage and differences in qualitative handling of 
the wet and dry gels. Thus, upon physical inspection, the glycerol-based dried gels seem to have 
improved mechanical properties as compared to both conventional and ethylene glycol-based dried gels. 
Figure 5 shows the bulk modulus measured during isostatic compaction measurements of one sample 
prepared using one ethylene glycol-based and one conventional ethanol-based dried bulk gel (both have 
the same initial density). After initial changes attributed to buckling of the structure, both samples 
exhibit power law dependence of modulus with density. This power law dependence is usually observed 
in dried gels. However, what is surprising is the strength of the ethylene glycol-based dried gel. At a 
given density (and thus, dielectric constant), the modulus of this sample of the ethylene glycol dried gel 
is an order of magnitude higher than the conventional dried gel. Preliminary evaluations show that the 
glycerol-based gels are even stronger than the ethylene glycol-based gels. These evaluations include 
qualitative handling tests and information based on the shrinkage during drying. The reasons for this 
strength increase are not totally clear. However, preliminary experiments indicate that our rapid gelation 
times and/or narrow pore size distribution may be responsible for the high strengths. 

High surface area — We measured the surface areas of some dried bulk gels. These surface areas were 
on the order of 1 ,000 m2)/g, as compared to our typical ethanol-based dried gels which have surface 
areas in the 600-800 m2)/g range. These higher surface areas may imply smaller pore size and improved 



http://toolkit.dialog.com/intranet/cgi/present?STYLE=1360084482&PRESEN^ 3/2/2006 



Dialog Results 



Page 40 of 73 



mechanical properties. It is unclear at this time why these higher surface areas are obtained with the 
glycerol-based dried gels. 

Pore size distribution - The optical clarity of these dried bulk gels was greater than any ethanol-based 
dried gels at this density that we have previously made. It is possible that this excellent optical clarity is 
due to a very narrow pore size distribution. However, it is unclear why the glycerol has this effect. 
Preliminary experiments show that one possible explanation is that rapid gelation times may be linked to 
a narrow pore size distribution. Figure 6 shows the pore size distribution (as measured by BJH nitrogen 
desorption measurements) of a bulk gel sample with a density of about .57 g/cm3). The mean pore 
diameter (desorption method) of this sample was 3.76 nm. As the typical pores are not truly cylindrical, 
diameter, as used herein, actually refers to the diameter of an equivalent cylinder with the same surface 
area to volume ratio as the overall gel's surface area to volume ratio. 

As shown above, some properties of the glycerol-based gels apply to both bulk gels and thin films. 
However, some advantages are most evident when applied to thin films, such as nanoporous dielectric 
films on semiconductor wafers. One important advantage is that this new method allows high quality 
nanoporous films to be processed with no atmospheric controls during deposition or gelation. 

Although it is important to be able to deposit and gel thin nanoporous films without atmospheric 
controls, it is also desirable to age thin nanoporous films without atmospheric controls. It has been 
discovered that this can present a bigger challenge than deposition. The primary reason is that while 
deposition and room temperature gelation can take place in minutes, or even seconds; room temperature 
aging typically requires hours. Thus, an evaporation rate that provides acceptable shrinkage for a short 
process, may cause unacceptable shrinkage when the process times are lengthened by an order of 
magnitude. 

As an example, we have found that with some glycerol-based gels, a satisfactory aging time at room 
temperature is on the order of a day. However, Table 1 shows that, by using higher temperatures, we can 
age thin films with times on the order of minutes. These aging times are comparable to the preferred 
aging time of many typical ethanol-based and ethylene glycol-based gels. Thus, when these times and 
temperatures are combined with the evaporation rates of Figure 1, Figure 7, and Figure 2, they give the 
approximate thickness loss during aging as shown in Table 2. These estimated thickness losses need to 
be compared with acceptable thickness losses, particularly for thin film applications. While no firm 
guidelines for acceptable thickness loss exist, one proposed guideline, for some microcircuit 
applications such as nanoporous dielectrics, is that the thickness losses should be less than 2% of the 
film thickness. For a hypothetical nominal film thickness of 1 (mu)m (Actual film thicknesses may 
typically vary from significantly less than .5 (mu)m to several (mu)m thick), this gives an allowable 
thickness loss of 20 nm. As shown in Table 2, the glycerol-based gels can achieve this preliminary goal 
without atmospheric control at room temperature. Thus, this invention allows controlled porosity thin 
film nanoporous aerogels to be deposited, gelled, aged, and dried without atmospheric controls. In 
another aspect, this invention allows controlled porosity thin film nanoporous aerogels to be deposited, 
gelled, rapidly aged at an elevated temperature, and dried with only passive atmospheric controls, such 
as limiting the volume of the aging chamber. 

Improved yield and reliability considerations may require thickness losses below 2%, such as less 
than .5% or .1%. By using passive atmospheric control, this invention can be extended to these, and 
even lower evaporation losses. This passive control involves placing the gel in a relatively small closed 
container, at least during aging. In this aspect of the invention, evaporation from the wafer acts to raise 
the saturation ratio of the atmosphere inside the closed container. At any given temperature, this 
evaporation continues until the partial pressure of the vapor increases enough to equal the vapor pressure 
of the liquid. Thus, solvent/temperature combinations with lower vapor pressure will not allow as much 
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liquid solvent to evaporate as a higher vapor pressure combination allows. Figure 8 shows how vapor 
pressure varies with temperature for several solvents. If the container size is known, the amount of 
evaporation can be calculated. Figure 9 shows an estimate of how thick of layer of solvent could 
potentially be evaporated if a 70% porous gel is placed in a 5 mm high cylindrical container that is the 
same diameter as the wafer. Figure 10 shows a similar estimate for a container with a 1 mm high 
airspace above the wafer. These figures show that, with a 5 mm high airspace, the 20 ran preliminary 
goal is feasible up to 120 degrees C for glycerol-based gels, but only up to 50 degrees C for ethylene 
glycol-based gels. With the 1 mm airspace, the 20 ran goal is feasible all the way up to 150 degrees C 
for the glycerol-based gels, but only up to 80 degrees C for the ethylene glycol-based gels. Of course, 
lower temperature processing allows less evaporation. Passive evaporation control using the 1 mm 
containers allows less than 1 ran of thickness loss (.1% of a l(mu)m thick film) for the glycerol-based 
gels, even at 100 degrees C. 

There are many variations on this passive control approach. One variation allows the container size to 
increase. The thickness loss will linearly increase with the container volume. However, even a 1000 
cubic centimeter container typically allows only 5 ran of glycerol evaporation at 80 degrees C. Another 
variation is the gel porosity. Higher porosity gels generally experience greater thickness losses while 
lower porosity gels generally experience slightly smaller thickness losses. 

One disadvantage of glycerol is its relatively high viscosity which can cause problems with gap-filling 
and/or planarization. As described above, a low viscosity, high volatility solvent can be used to lower 
the viscosity. Figure 1 1 A shows the calculated viscosity of some ethanol/glycerol and methanol/glycerol 
mixtures at room temperature. As the figure shows, alcohol can significantly reduce the viscosity of 
these mixtures. Figure 1 1 B shows the calculated viscosity of some ethanol/ethylene glycol and 
methanol/ethylene glycol mixtures at room temperature. As this figure shows, the ethylene glycol is 
much less viscous than the glycerol, and small quantities of alcohol significantly reduce the viscosity ot 
these mixtures. Also, if the viscosity using ethanol in the stock solution is higher than desired, ft"™ 61 " 
improvement can be realized by employing methanol in the precursor solution. The viscosities reported 
in Figures 1 1 A-l IB are for pure fluid mixtures only. In fact, depending upon the film precursor solution, 
the precursor solution might contain glycerol, alcohol, water, acid and partially reacted metal alkoxides. 
Of course, the viscosity can be increased before deposition by catalyzing the condensation reaction and 
hence, the values reported in Figures 1 1 A-l IB represent lower bounds. 

This multi-solvent approach may be combined with or replaced by an alternative approach. This 
alternate approach use elevated temperatures to reduce the sol viscosity during application. By heating 
and/or diluting the precursor during deposition, (such as by heating the transfer line and deposition 
nozzle of a wafer spin station) the viscosity of the precursor sol can be substantially lowered. Not only 
does this preheat lower the sol viscosity, it will also speed gel times and accelerate the evaporation of 
any high volatility solvents. It may also be desirable to preheat the wafer. This wafer preheat should 
improve process control and may improve gap fill, particularly for the more viscous precursors. 
However, for many applications, wafer preheat is not required, thus simplifying process flows. When 
using a spin-on application method with this no wafer preheat approach, the spin station would not 
require a temperature controlled spinner. 

Dried gels produced with this simple thin film aerogel fabrication process can be used in many 
applications. Some of these uses may not have been cost effective using prior art methods. These uses 
include low dielectric constant thin films (particularly on semiconductor substrates), miniaturized 
chemical sensors, thermal isolation structures, and thermal isolation layers (including thermal isolation 
structures for infrared detectors). As a general rule, many low dielectric constant thin films prefer 
porosities greater than 60%, with critical applications preferring porosities greater than 80 or 90%, thus 
giving a substantial reduction in dielectric constant. However, structural strength and integrity 
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considerations may limit the practical porosity to no more than 90%. Some applications, including 
thermal isolation structures and thermal isolation layers, may need to sacrifice some porosity for higher 
strength and stiffness. These higher stiffness requirements may require dielectrics with porosities as low 
as 30 or 45%. In other high strength/toughness applications, especially sensors, where surface area may 
be more important than density, it may be preferable to use a low porosity gel with a porosity between 
20% and 40%. 

The thin film discussion above has centered around thin film aerogels for microelectronic circuits. 
However, aerogels are also useful in other applications, such as thin films on passive substrates. These 
new high strength, easy to fabricate gels now make many of these uses practical. For purposes of this 
application, a passive substrate is defined as a substrate that does not comprise or contain a 
microelectronic circuit, or at least where there is no interaction between the aerogel and the electronics. 
Sol-Gel Science by C.J. Brinker and G.W. Scherer describes several of these uses in chapter 14. These 
passive uses may partially include some types of optical coatings, some types of protective coatings, and 
some types of porous coatings. 

Antireflective (AR) coatings can require a wide range of porosities. These will typically range from 20% 
porous to 70% porous, although higher porosities (above 90%) may be useful where there is adequate 
surface protection, and lower porosities (down to 10%, or below) may be useful in high performance 
coatings or coatings on substrates with a high index of refraction. In some single layer AR coatings, it 
may be preferable to use gels with porosities between 30% and 55%. Higher performance, multi-layer 
AR coatings will prefer denser layers (e.g., porosity between 10% and 30%) next to the substrate, and 
less dense layers (e.g., porosity between 45% and 90%) next to the air interface. For higher 
strength/toughness applications, especially where high strength and surface area are the primary goals, it 
may be preferable to use a low porosity gel with a porosity between 20% to 40%. Other thin film 
coatings may need the lowest density practical, thus needing porosities greater than 85%, 90%, or even 
95%. 

There are also many bulk gel applications that can benefit from these new high strength, easy to 
fabricate aerogels. These bulk gel uses include (but are not limited to) nanoporous (e.g., molecular) 
sieves, thermal insulation, catalyst supports, adsorbents, acoustic insulation, and optiseparation 
membranes. As a general rule, many bulk uses prefer porosities greater than 60%, with critical 
applications preferring porosities greater than 80% or 90%. However, structural strength and integrity 
considerations may limit the practical porosity to no more than 95%. Some applications, possibly 
including sieves, may need to sacrifice some porosity for higher strength and stiffness. These higher 
stiffness requirements may require dielectrics with porosities as low as 30 or 45%. In other high 
strength/toughness applications, possibly including catalyst supports and sensors, where surface area 
may be more important than density, it may be preferable to use a low porosity gel with a porosity 
between 20% and 40%. 

Typical sol-gel thin film processes produce gels which collapse and density upon drying, thus forming 
xerogels having limited porosity (Up to 60% with large pore sizes, but generally substantially less than 
50% with pore sizes of interest). Under the uncontrolled drying conditions of xerogel film formation, 
many of the internal pores permanently collapse. However, in thin film aerogel formation, the pores 
remain substantially uncollapsed, even though there may be a small amount of shrinkage during aging 
and/or drying that affects the final density. 

Referring now to Figure 12 A, a semiconductor substrate 10 (typically in wafer form) is shown. Common 
substrates include silicon, germanium, and gallium arsenide, and the substrate may include active 
devices, lower level wiring and insulation layers, and many other common structures not shown but 
known to those skilled in the art. Several patterned conductors 12 (e.g., of an Al-0.5%Cu composition) 
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are shown on substrate 10. Conductors 12 typically run parallel for at least part of their leng^such that 
they are separated by gaps 1 3 of a predetermined width (typically a fraction of a micron). Both the 
conductors and gaps may have height-to-width ratios much greater than shown, with larger ratios 
typically found in devices with smaller feature sizes. 

In accordance with a first embodiment of the present invention, mix 61 .0 mL tetraethoxysilane (TEOS), 
61 0 mL glycerol, 4.87 mL water, and .2 mL 1M HN03)) and reflux for 1.5 hours at (equivalent to 60 
(degree to form a stock solution. Equivalent*, mix .27 mol TEOS, .84 mol glycerol, 27 mol water, 
and 2.04E-4 mol HN03)) and reflux for 1 .5 hours at (equivalent to) 60(degree)C. After the 
solution is allowed to cool, the solution may be diluted wim ethanol to reduce the ™ co /;^ 
stock solutiomsolvent volume ratio is 1 :8. However, this ratio will depend upon desired ™™ ™™ess, 
spin speed, and substrate. This is mixed vigorously and typically stored in a refrigerator at (equivalent 
to) 7(degree)C to maintain stability until use. The solution is typically warmed to room temperature 
prior to film deposition. 3-5 mL of this precursor sol may be dispensed at room temperature onto 
substrate 10, which is then spun at 1500 to 5000 rpm (depending on desired film thickness) for ^about 5- 
10 seconds to form sol thin film 14. The deposition can be performed in an atmosphere that has no 
special control of solvent saturation (e.g., in a cleanroom with non-exotic humidity controls). Dunng 
and after this deposition and spinning, the ethanol, water, and the nitric acid are evaporating from lilm 
14, but due to glycerol's low volatility, no substantial evaporation of the glycerol is occurring This 
evaporation temporarily cools the thin film, although the film temperature rises within se ™ nd * a*^* 6 
evaporation rate drops off. This cooling retards, but does not prevent gelation. This e vaporation also 
shrinks thin film 14 and concentrates the silica content of the sol, forming reduced tockness film^l S 
Figure 12B shows a reduced thickness sol film 18 obtained after substantially all (about 95% or more) of 
the ethanol has been removed. This concentrating, evaporative basification, and/or rewarming ot the 
film typically cause gelation within seconds. 

Film 18 has an approximately known ratio of silicon to pore fluid at the gel point This ratio is 
approximately e^al to the ratio of TEOS to glycerol in the as-deposited sol (with minor change a due to 
regaining water? continued reactions and incidental evaporation). As this method [ largely prevents the 
gel from permanently collapsing, this ratio determines the density of the aerogel film that will be 
produced from the sol thin film. 

After gelation, the thin film wet gel 18 comprises a porous solid and a pore fluid, and can Preferably be 
allowed time to age at one or more controlled temperatures, e.g., about a day at room temperature. ^ It 
should be noted that the pore fluid changes somewhat during processing. These changes may be due to 
continued reactions, evaporation/condensation, or chemical additions to the thin film Aging may 
preferably be accomplished by letting the substrate and gel sit for approximately 24 hours at about 25 
(degree) C or by heating it to 130-150(degree) C for about 1 minute in a closed container. 

Aged film 18 may be dried without substantial densification by one of several methods. However with 
these new glycerol-based gels, one alternative is to use a solvent exchange to replace ttie aging A«J 
with a drying fluid and then air dry the film 1 8 from this drying fluid. This drying method uses a solvent 
exchange to replace the aging fluid with a different fluid. Whether this fluid is ^^.^^.^f 
fluid or not, the pore fluid that is present during drying is sometimes referred to as drying fluid It 
used, the solvent exchange replaces the aging fluid that is dominated by the glycerol and its associated 
high surface tension with a drying fluid that has a lower surface tension. This solvent exchange .may be 
carried out as a one or two step process. In the two step process, the first step replaces the aging fluid 
with an intermediate by dispensing approximately 3-8 mL of ethanol at room 

onto aged thin film 1 8, then spinning the wafer between approximately 50 and 500 rpm for about 5-10 
seconds. It sometimes requires between 3 and 6 spin-on sequences to replace most of flie aging ^ia 
The second step preferably replaces the intermediate fluid with a drying fluid such as heptane. This step 
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preferably comprises dispensing approximately 3-8 mL of ^™"t^™ £ J££J> 
onto aged thin film 1 8, then spinning the wafer between approxima ely £0 'and 500 rpm 
second! It sometimes requires between 3 fluid before 

fluid. This solvent exchange method allows us to remove neariy all toe &yc J 
drying. The drying fluid (heptane m this easels finally dried from a liquid that 

forming a dry nanoporous dielectnc (dried ge ). ^^^^S^Lses, the wet gel can be 
is soluble with the aging fluid, the intermediate may not be required. In many 
dried directly from ethanol, or other suitable solvent. 

This evaporation maybe performed by exposing the wa^ 

saturated with the drying fluid. Foi ^exampk . the ^^^^^Sy^ drying should 
atmosphere, or a drying gas could be introduced into ^ ^pnere i p ^ 
preferably start at a temperature somewhat below *e boUing pomt °f *^" g ^ ^ without so lvent 
temperature. If a higher boiling point drying fluid, , ^«^^^S£f^or%ud to the 
replacement), the starting drying temperature can be !" cre ^^ t0 ^X ^thin seconds), the 
aging temperature. As the thin film becomes predominately f^^^y^^uid and me drying 
temperature should then be increased above the ^^V^^^.^^l SycoollL well as 
fluid. This method prevents destructive boiling, yet insures that all fluid ™° J decompose 

some other fluids, either decompose ^ ^P^^^Z^S^Z^^ ^ toxic 
in lieu of boiling. With these fluids, particularly fluids like g ycerc ™ c J ' ft d m 

rSei^ 

I„ order to reduce the dielectric constant, it is preferable 

may be done by placing the wafer in a ^J^^^SS ^uch of Se water and/or hydroxyls 
(HMDS) or hexaphenyldisilazane vapor The HMDS mil r^«» may be performed at room 
bound to the dried gel's pore surfaces with methy ^^/^Xixyls, it can also 
temperature, or warmer. This replacement can not ^^JSSSSL^S also remove water 
render the dried gel hydrophobic (water repelling) . The h^enyWisi^e 
and/or hydroxyls and render the dried gel hyd ^^^'^^S^nc constant, 
temperature stability than the methyl groups, at the expense ot a sngnxiy n & 

substances used in this method. 

In accordance with a second, higher density .embodiment f g ^^^S^ri , ?hS2; 
61.0 mL glycerol, 150.0 mL ethanol, 12.1 mL water, ^ r^ ^M^U^ u 
(equivalent to) 60(degree)C to form a stock solution_Equ ^^lenrty, mix^y nu» lent to) 60 

2.57 mol ethanol, .67 mol water, and 4.90 E-4 ^^^^^X^ with ethanol to reduce 
(degree)C. After the stock solution is allowed to cool, the so ut on mayoe vigorous i y and 

tte viscosity. One suitable stock solution: solvent ^volume ^ »^^5SuS use. The solution 
typically stored in a refrigerator at (equivalent to) 7 degree)C to ^^^^^ be dispe nsed 
Swarmed to room temperature prior to *^ d epo^ on desired 

at room temperature onto substrate 10, which is ^.^l^^/^S can be performed in an 
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glycerol's low volatility, no substantial evaporation of the glycerol is occurring ^S^^^tS 
mm film 14 and concentrates the silica content of the sol forming reduced thickness film 18. Figure ; 12B 
shows a reduced thickness sol film 1 8 obtained after substantially all (about 95% or more) of the water 
has been removed. This concentrating typically causes gelation within minutes. 

Further processing generally follows the process described in the first embodiment. After gelation, the 
min filmwet gel ?8 comprises a porous solid and a pore fluid, and can preferably be a lowed trme to age 
at one or more controlled temperatures. Aged film 18 may be dried without substantial densification by 
one of several methods. However, with the lower density formulations of these wjto^ 1 *?**^ 
it is preferable to perform a non-supercritical drying, such as a solvent exchange followed by air drying 
the film 18 from the drying fluid, as described in the first embodiment. The n^P 0 ^!^ 16 ^.^. 
then be subjected to a post-dry bake and/or a surface modification, as described in the first embodiment. 
The theoretical dielectric constant (before surface modification) of this embodiment is 1.0. 

In accordance with a third, higher density, embodiment of the present invention, mix 208.0 mL _TEOS, 
61.0 mL glycerol, 208.0 mL ethanol, 16.8 mL water, and .67 mL 1M HN03)) and reflux To, rlitamj 
(equivalent to) 60(degree)C to form a stock solution. Equivalently, mix .93 mol TEOS .84 mol &y<*™* 
3.56 mol ethanol, .93 mol water, and 6.80E-4 mol HN03)) and reflux for 1.5 hours at (equiva ent to) 60 
(degree)C. After the stock solution is allowed to cool, the solution may be diluted with ethanol to reduce 
the viscosity. One suitable stock solution: solvent volume ratio is 1 :8. This is mixed vigorously and 
typically stored in a refrigerator at (equivalent to) 7(degree)C to maintain stability until use. The solution 
is warmed to room temperature prior to film deposition. 3-5 mL of this precursor sol may be dispensed 
at room temperature onto substrate 10, which is then spun at 1500 to 5000 rpm (depending on desired 
film thickness) for about 5-10 seconds to form sol thin film 14. The deposition can be performed in an 
atmosphere that is not solvent controlled (e.g., standard exhausts in a cleanroom with non-exotic 
humidity controls). During and after this deposition and spinning, ethanol and water is evaporating from 
film 14, but due to glycerol's low volatility, no substantial evaporation of the glycerol is occurring. This 
evaporation shrinks thin film 14 and concentrates the silica content of the sol forming reduced thickness 
film 18 Figure 12B shows a reduced thickness sol film 18 obtained after substantially all (about 95 /o or 
more) of the water has been removed. This concentrating typically causes gelation within minutes. 

Further processing generally follows the process described in the first embodiment. After gelation, the 
thin film wet gel 18 comprises a porous solid and a pore fluid, and can preferably be allowed time to age 
at one or more controlled temperatures. Aging may be accomplishedby letting the device sit tor 
approximately 24 hours at 25(degree) C. Aged film 18 may be dried without substantial densification by 
one of several methods, a solvent exchange followed by air drying. However, especially ui this higher 
density formulation of these new glycerol-based gels, it is preferable to air dry the film 18 from the 
aging fluid. In this direct drying method, the wafer surface is exposed to an atmosphere that is not near 
saturated with the drying fluid. A simple method is to remove the cover from a low volume aging 
chamber, thus exposing the gel surface to a substantially uncontrolled atmosphere. Another metiiod 
introduces a drying gas into the aging chamber or atmosphere. With this direct drying mettiod, the 
starting drying temperature can preferably be increased to a temperature near or equal to the aging 
temperature. This high temperature drying reduces surface tension and associated 

drying, and simplifies processing. As the thin film becomes predominately dry (typically within seconds 
for high temperature drying), the temperature should then be increased above the boiling point of both 
the aging fluid and the drying fluid (they are often the same fluid). This method prevents d estructi *e 
boiling, yet insures that all fluid is removed. Since this method's drying fluid comprises glycerol, which 
can decompose into toxic substances, care should be taken not to overheat the evaporated fluicf or the 
undried wafer. The nanoporous dielectric can then be subjected to a post-dry bake and/or a surface 
modification, as described in the first embodiment. The theoretical dielectric constant (before surface 
modification) of this embodiment is 1.76. 
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In accordance with a fourth embodiment of the present invention, mix 278.0 mL TEOS, 61.0 mL 
glycerol, 278.0 mL ethanol, 22.5 mL water, and .90 mL 1M HN03)) and reflux for 1 .5 hours at 
(equivalent to) 60(degree)C to form a stock solution. Equivalently, mix 1.25 mol TEOS, .84 mol 
glycerol, 4.76 mol ethanol, 1.25 mol water, and 9.1E-4 mol HN03)) and reflux for 1.5 hours at 
(equivalent to) 60(degree)C. After the stock solution is allowed to cool, the solution may be diluted with 
ethanol to reduce the viscosity. One suitable stock solutiomsolvent volume ratio is 1:8. This is mixed 
vigorously and typically stored in a refrigerator at (equivalent to) 7(degree)C to maintain stability until 
use. The solution is warmed to room temperature prior to film deposition. 3-5 mL of this precursor sol 
may be dispensed at room temperature onto substrate 10, which is then spun at 1500 to 5000 rpm 
(depending on desired film thickness) for about 5-10 seconds to form sol thin film 14. The deposition 
can be performed in an atmosphere that is not solvent controlled (e.g., standard exhausts in a cleanroom 
with non-exotic humidity controls). During and after this deposition and spinning, ethanol and water is 
evaporating from film 14, but due to glycerol's low volatility, no substantial evaporation of the glycerol 
is occurring. This evaporation shrinks thin film 14 and concentrates the silica content of the sol forming 
reduced thickness film 18. Figure 12B shows a reduced thickness sol film 18 obtained after substantially 
all (about 95% or more) of the water has been removed. This concentrating typically causes gelation 
within minutes. 

Further processing generally follows the process described in the third embodiment. After gelation, the 
thin film wet gel 18 comprises a porous solid and a pore fluid, and can preferably be allowed time to age 
at one or more controlled temperatures. Aged film 18 may be dried without substantial densification by 
one of several methods. However, it is preferable to air dry the film 18 from the aging fluid, as described 
in the third embodiment. The nanoporous dielectric can then be subjected to a post-dry bake and/or a 
surface modification, as described in the first embodiment. The theoretical dielectric constant (before 
surface modification) of this embodiment is 1 .96. 

In accordance with a fifth embodiment of the present invention, mix 609.0 mL TEOS, 61.0 mL glycerol, 
609.0 mL ethanol, 49.2 mL water, and 1.97 mL 1M HN03)) and reflux for 1.5 hours at (equivalent to) 
60(degree)C to form a stock solution. Equivalently, mix 2.73 mol TEOS, .84 mol glycerol, 10.4 mol 
ethanol, 2.73 mol water, and 2.00E-3 mol HN03)) and reflux for 1.5 hours at (equivalent to) 60(degree) 
C. After the stock solution is allowed to cool, the solution may be diluted with ethanol to reduce the 
viscosity. One suitable stock solution:solvent volume ratio is 1:8. This is mixed vigorously and typically 
stored in a refrigerator at (equivalent to) 7(degree)C to maintain stability until use. The solution is 
warmed to room temperature prior to film deposition. 3-5 mL of this precursor sol may be dispensed at 
room temperature onto substrate 10, which is then spun at 1500 to 5000 rpm (depending on desired film 
thickness) for about 5-10 seconds to form sol thin film 14. The deposition can be performed in an 
atmosphere that is not solvent controlled (e.g., standard exhausts in a cleanroom with non-exotic 
humidity controls). During and after this deposition and spinning, ethanol and water is evaporating from 
film 14, but due to glycerol's low volatility, no substantial evaporation of the glycerol is occurring. This 
evaporation shrinks thin film 14 and concentrates the silica content of the sol forming reduced thickness 
film 18. Figure 12B shows a reduced thickness sol film 18 obtained after substantially all (about 95% or 
more) of the water has been removed. This concentrating typically causes gelation within minutes. 

Further processing generally follows the process described in the third embodiment. After gelation, the 
thin film wet gel 18 comprises a porous solid and a pore fluid, and can preferably be allowed time to age 
at one or more controlled temperatures. Aged film 18 may be dried without substantial densification by 
one of several methods. However, it is preferable to air dry the film 18 from the aging fluid, as described 
in the third embodiment. The nanoporous dielectric can then be subjected to a post-dry bake and/or a 
surface modification, as described in the first embodiment. The theoretical dielectric constant (before 
surface modification) of this embodiment is 2.5. 
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Other ratios of solvent to reactant ratios can ^^^^^SSS^^ 
Figure 14 shows the theoretical relationship between to mol* : rato o g^ero d from me 

atoms and the porosity of a nanoporous dielec nc for ^^^f^S han about .51 g/cc) 

allow high volatility solvent evaporation after gelation. 

As described above, the higher density *™**~^<^ T^^M^ 

aged and dried with little shrinkage, even without ^solvent exchange An un g ^ 

in a small volume furnace, or a small container, ^* c ^°™*^ E sealed the temperature 

evacuation, the container is sealed at room temperate. ^^X^iscosity After sufficient 

is ramped up, quickly aging the film, and ^ermg toe ag^g/ d^ng fluid J«^A^ ^ ^ 

aging (possibly during the temperature ramp), the gel is ready ap film of me 

baling point, toe glycerol viscosity can be low ^ jXSl and the film 

predetermined porosity), that the glycerol in the toac« ato ^^f^ be ^ 

directly dried. Note that, in the most demanding low dc ^2^S?b^Sart of glycerol. In 

tension can be obtained by increasing the drying ternperamre abov e toe bo ^ ^ be 

these cases, the fumace toe glycerol in toe 

handled with pressures under 1 to 3 ^f) ^?" 1 ^^ elvcero l in toe furnace atmosphere may 
furnace atmosphere is, especially at first, slowly ' emov ^J^ *^Sv™ weeping toe glycerol off with 
be removed, e.g., by bleeding off the pressure, by a ™^^^^J^f e the glycerol is being 
a gas. The furnace temperature ™y be held constantor ^^^^ping toe'glycerol off 
removed (toe furnace may be ramped on up to the bake tem Pf*T m i nim ize evaporation from toe 
with the gas). While some glycerol can be introduced ^X^Sy reduce film 
film, preferably toe furnace volume s low enough ^XSTlfTto supercritical 
thickness even without the introduction of glycerol during * a q co2)) solven t exchange 
drying, perhaps to eliminate even temporary shrinkage, it is preferable to use a » 
as is well known in the art. 

Although the same stock solutions can be used for bulk ^^^^^^S^S^ 
substantially different. With different s toc \ solut ^ of toepresent 

provide bulk gels with different V°™£-£™*™ J* ^ol ^lH water, and .67 mL 1M 
invention, mix 208.0 mL TEOS, 61.0 mL g^^oi, zuo.u solution. Equivalently, 

HN03)) and reflux for 1.5 hours at (equivalen to) 60(degree)C to tonnes to ^ 
mix .93 mol TEOS, .84 mol glycerol 3^56 mol etoanol >f^^ 0 ^^ efdgeT&t0T at (equivalent 
reflux for 1.5 hours at (equivalent to) 60 ( de S r ^ C ; warmed to room 
to) 7(degree)C to maintain stability until use. The ^ock solution is P^^y 

temperature prior to placing into molds. After pouring ^^^^of th e glycerol is 
allowed to evaporate, but due to glycerol's low volatility no ^^^^ concentrates toe 
occurring. This evaporation reduces toe volume of toe J^^^^Sir before filling toe 
silica content of the sol. It is allowable for at leas ^Se mold does not lend 

mold. This pre-fill evaporation »^^. e y^^^^ I SfflS^iSld or a mold 
itself to substantial evaporation after filling, ^evaporation is not required, it has 

After this evaporation, the sol has an * '^^^^ ^^T"' 
e^gefdue^^ 
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prevents the gel from permanently collapsing, this ratio determines the density of ^^aUof Ae * 
produced. If me sol does not gel during evaporation, this sol will gel soon after substantially all ot the 
water, ethanol, and acid has evaporated. 

Alternatively, one may catalyze the precursor with .5M ammonium nitrate before filling the molA\W*» 
this mixture the sol typically gels in minutes. Remove the wet gel from the mold and allow the ettwnol 
and waterTo evaporate Typically, the gel will shrink during this evaporation. However as with the other 
^KLi' is substantially complete, the sol has an approbate £ 
sHicon to pore fluid at the gel point. This ratio is approximately equal to the "J^™££Sd 
the precursor mix (with minor changes due to remaining water, continued reactions and 
evaporation). As this method largely prevents the gel from permanently collapsing, this ratio determines 
the density of the aerogel that will be produced. 

After gelation, the wet gel comprises a porous solid and a pore fluid, and can V^^^^^ 
to age at one or more controlled temperatures. Aging may preferably be accomplished by lettmg ^the 
substrate and gel sit for approximately 24 hours at about 25(degree) C or by b*mg£ £0-150 
(degree) C for about 5 minutes in a closed container. These high temperature aging P^ et ff 5*^ 
for? 5 mm diameter bulk aerogel. However, due to the wet gel's low thermal conductivity the high 
temperature accelerated aging time and temperature combinations are highly dependent upon the 
configuration of the bulk gel. 

After this initial aging, remove the gel from the molds and dry directly from ^^^^^ 
the pore fluid remaining at the end of aging, with no solvent exchanges for aging or drying). A slow 
ramp to and hold at about 500(degree) C will dry the gel. 

Instead of drying directly from the mother liquor, it may be preferable, particularly ™th higher porosity 
gels, to performa solvent exchange. This solvent exchange may be carried out as a one o two step 
process The first step replaces the aging fluid with an intermediate and the sec ™^ It 
replaces the intermediate fluid with a low surface tension drying fluid such as JfP^^^^Sow 
is preferable to remove the gels from the molds and place it in sealed tubes containing eftianc ^ and allow 
a p P ore fluid exchange for 8 hours at 50 degrees C. At the end of a 8 .hour interval, ™ jg^jf 1 
ethanol and then store in fresh ethanol in an oven at 50 degrees C. After three to six 
replace the ethanol with hexane in a similar manner. This solvent ex change f e * od t ^°^f fi ^ Ve 
nearly all the glycerol-containing fluid before drying. The drying fluid (heptane in this case) , is finalty 
allow^ to evaporate from the wet gel, forming a dry aerogel. If the fihn can be s ^fectonly dn ed from 
a liquid that is soluble with the aging fluid, the intermediate may not be required. In many cases, the wet 
gel can be dried directly from ethanol, or other suitable solvent. 

After drvine it is often preferable to bake the aerogel for a short time (such as 300(degree) for 1 5 to 60 
mfnutesT^ he p rem^any residual materials, such as organics, that arein or on die aerogel. In some 
Rations, it is also desirable to dehydroxylate (anneal) the dried gel. This ^^mSSS^ 
d?£ aerogel in a dry atmosphere comprising a surface modification agent, ^^^^^^ch 
(TMCS)7hexamethyldisilazane (HMDS), or hexaphenyldisilazane vapor. ^fHMDS wiU replace much 
of the water and/or hydroxyls bound to the dried gel's pore surfaces with methyl groups _Ttus 
replacement can be performed at room temperature, or warmer This replacemen can not only remove 
water and/or hydroxyls, it can also render the dried gel hydrophobic (water repelling). ™ 
hexaphenyldisilazane will also remove water and/or hydroxyls and render the dried gel hydrophobic. 
However, the phenyl groups have a higher temperature stability than the methyl groups. 

In accordance with an ethylene glycol-based embodiment of the present invention, x tettaethoxy silane 
(TEOS), ethylene glycol, ethanol, water, and acid (1M HN03))) in a molar ratio of 1 . . 2.4 . 1.5 . 1 . 



http://toolkit.dialog.com/intranet/cgi/present?STYLE=1360084482&PRESENT=DB=3 



3/2/2006 



Dialog Results 



Page 49 of 73 



0 042 and reflux for 1.5 hours at (equivalent to) 60(degree)C. After the mixture is allowed to cool, the 
solution is diluted down with ethanol to a composition of 70% (by volume) original stock solution and 
30% (by volume) ethanol. This is mixed vigorously and typically stored in a refrigerator at (equivalent 
to) 7(degree)C to maintain stability until use. The solution is warmed to room temperature prior to him 
deposition. A mixture of stock solution and 0.25M NH4))OH catalyst (10:1 volume ratio) is combined 
and mixed. 3-5 mL of this precursor sol may be dispensed at room temperature onto substrate 10, which 
is then spun at 1500 to 5000 rpm (depending on desired film thickness) for about 5-10 seconds to form 
sol thin film 14. The deposition can be performed in an atmosphere that is uncontrolled. However, it is 
preferable to deposit and gel the sol in a clean room with standard humidity controls. During and after 
this deposition and spinning, the ethanol/water mixture is evaporating from film 14, but due to ethylene 
glycol's low volatility, no substantial evaporation of the ethylene glycol is occurring. This evaporation 
shrinks thin film 14 and concentrates the silica content of the sol forming reduced thickness film 1»- 
Figure 12B shows a reduced thickness sol film 18 obtained after substantially all (about 95 /o or more) ot 
the ethanol has been removed. This concentrating, combined with the catalyst, typically causes gelation 
within minutes or seconds. 

Film 1 8 has an approximately known ratio of silicon to pore fluid at the gel point. This ratio is 
approximately equal to the ratio of TEOS to ethylene glycol in the as-deposited sol (with minor changes 
due to remaining water, continued reactions and incidental evaporation) . To the extent that the gel is 
prevented from collapsing, this ratio will determine the density of the aerogel film that will be produced 
from the sol thin film. 

After gelation, the thin film wet gel 18 comprises a porous solid and a pore fluid, and can preferably be 
allowed time to age at one or more controlled temperatures, e.g., about a day at room temperature. It 
should be noted that the pore fluid changes somewhat during processing. These changes may be due to 
continued reactions and/or evaporation/condensation. Aging may preferably be accomplished by letting 
the device sit in a low volume aging chamber for approximately 5 minutes at about 100 degrees C. 

Aged film 18 may be dried without substantial densification by one of several methods, a solvent 
exchange followed by air drying. However, it is preferable to air dry the film 18 from the aging fluid as 
described in the third glycerol embodiment. The nanoporous dielectric can then be subjected to a post- 
dry bake and/or a surface modification, as described in the first glycerol embodiment. 

In accordance with another ethylene glycol-based embodiment of the present invention, mix 
tetraethoxysilane (TEOS), ethylene glycol, water, and acid (1M HN03))) in a molar ratio of 1 : 4 : 1 : 
0 042 and reflux for 1 .5 hours at (equivalent to) 60(degree)C. This is typically stored in a refrigerator at 
(equivalent to) 7(degree)C to maintain stability until use. The solution is preferably warmed to room 
temperature prior to film deposition. 3-5 mL of this precursor sol may be dispensed (without catalyst) at 
room temperature onto substrate 10, which is then spun at 1500 to 5000 rpm (depending on desired film 
thickness) for about 5-10 seconds to form sol thin film 14. The deposition can be performed man 
atmosphere that is uncontrolled. However, it is preferable to deposit and gel the sol in a clean room with 
standard humidity controls. During and after this deposition and spinning, ethanol and water is 
evaporating from film 14, but due to ethylene glycol's low volatility, no substantial evaporation of the 
ethylene glycol is occurring. This evaporation shrinks thin film 14 and concentrates the silica content of 
the sol forming reduced thickness film 18. Figure 12B shows a reduced thickness sol film 18 obtained 
after substantially all (about 95% or more) of the water has been removed. This concentrating typically 
causes gelation within minutes. 

After gelation, the thin film wet gel 1 8 comprises a porous solid and a pore fluid, and can preferably be 
allowed time to age at one or more controlled temperatures, e.g., about a day at room temperature. It 
should be noted that the pore fluid changes somewhat during processing. Aging may preferably be 
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accomplished by letting the device sit in a low volume aging chamber for approximately 5 minutes at 
about 100 degrees C. 

Aged film 18 may be dried without substantial densification by one of several methods, including a 
solvent exchange followed by air drying. However, it is preferable to air dry the film 18 from the aging 
fluid, as described in the third glycerol embodiment. The nanoporous dielectric can then be subjected to 
a post-dry bake and/or a surface modification, as described in the first glycerol embodiment. 

The discussion to this point has shown some of the advantages of aging in a closed container. Since 
suitable aging chambers do not seem to exist, we will describe the chambers we have invented to 
implement this process. One embodiment of aging container is illustrated in Figures 16 A, 16B and 16C. 
In this embodiment, a processing apparatus comprises a body 20, having a substantially planar plate 22 
with a resilient seal 24 attached thereto. Plate 22 need only be planar to the extent necessary to provide 
clearance with a thin film during operation, and may be constructed of any material compatible with the 
underlying process (e.g., semiconductor fabrication), although materials with high thermal conductivity, 
such as stainless steel, glass, or aluminum are preferred. Resilient seal 24 should preferably be designed 
to withstand wet gel processing temperatures and pore fluids; many suitable materials, including 
TEFLON- and neoprene-based materials, are known to those of ordinary skill in the art. Depending on 
the nature of temperature control used in the apparatus, it may be preferable to have seal 24 be either 
substantially thermally insulating or thermally conductive. 

In operation, body 20 may simply be rested on a substrate 26, as shown in Figure 16C. This substrate 
may be an optical substrate, such as glass or plastic, or a semiconductor substrate, such as a Si wafer. In 
this embodiment, seal 24 functions both as an atmospheric seal and as a spacer which sets the volume of 
chamber 32 formed by substrate surface 28, chamber surface 30 and seal 24. For example, seal 24 may 
be designed to compress to a thickness of about 1 mm under the weight of plate 22, thus creating 
chamber 32 with a 1 mm height when body 20 is placed on substrate 26. For many thin film 
applications, chamber 32 need only be substantially sealed, as some small degree of vapor leakage over 
the course of processing substrate 26 will not appreciably affect the final film properties. 

Body 20 finds application at many points in an aerogel thin film process. It may be used to limit 
evaporation before a sol film has gelled, as an aging chamber for wet gel thin films, as a storage or 
transport chamber for such films, or as a drying chamber. In all of these applications, it is recognized 
that both sol and gel thin films contain extremely small amounts of liquid, such that a chamber of 
limited volume is necessary to prevent substantial evaporation from the film. 

In another embodiment, body 20 may comprise more elements, as shown in Figures 17A and 17B. In 
this embodiment, body 20 additionally comprises a substrate holder 36 and substrate temperature control 
means 34. This embodiment shows the additional aspect of a seal 24 located outboard of the substrate 
(or in some cases seal 24 may even be deleted), such that a thin film may be formed on the entirety of 
substrate surface 28. When chamber 32 is closed, planar plate 22 and wafer holder 36 may be thermally 
coupled such that temperature control means 34 may be used to simultaneously regulate the temperature 
of body 20, substrate 26 and chamber 32. 

In another embodiment shown in Figures 18A and 18B, seal 24 provides some degree of thermal 
isolation between planar plate 22 and wafer holder 36. This allows temperature control means 34 to 
control substrate temperature, while separate temperature control means 38 are used to control planar 
plate temperature. Such an embodiment may have an advantage for drying a wet gel film, as the 
temperature of planar plate 22 can be selectively lowered to promote condensation on chamber surface 
30. 
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Fibres 19A 19B and 19C show additional aspects 

19A sobstrate 26 is shown being processed m . , tnv«ted port** In ^ ^ 
purriseiol condensation onto chamber ™^e ^on fa M s ^ 

ieast^^^ 

in evaporation of pore fluid from substrate 26. ^ 

In Figure 19C an embodiment is f own — ^ 44 
Srougn at least one port 46 (which may be cl ^le) to ch^mb of tQ exchange ^ 

may be used to create a vacuum or tc 'overpressure^ Wb «3 ^JjP £ ^ embodiment may 1» 

Altho ugh this invention has been described in ^ ~al ^ 

£ modified within the scope of the invention, ^XXcomnKm methods, such as dip- 
process. For example, the initial thin g£3£S£*e. *e solvent exchange may^e 
coating, flow coating, or spray-coating instead _of spm coa g ^ of spin . CO at ing When 
dip coating, spray coating, or — S wSedto a temperature lower than the atmosphere, thus 
using a vaporous solvent, th ^ af f fe ^ oLrwise be considered a solvent in such a 
promoting condensation on the wafer. w£er m gn considered a so lvent. 
process, for discussion purposes m this application, water ^ 

Although both glycerol and ethylene glycol each ^^jS^^^^^^^ 
solve^Sfliat can be useful in low shrinkage ^oPO^^Tpreteimary preference on the selection 

Syzea solvent to determine its ^^S^S^M^ ^ 2*p«*m bXa 
of the low volatility solvent can be made. Nearly a11 so * v Although some solvents with boiling 

temperature will have a boiling V^B^^^^^ rat fwill typically be ; found with 
points less than 140(degree) C may be ^sefoh a |^ P ^ fely ter ma „ 19 0 

solvents that have a boiling point greater th ™\ b ^&J d ' e) C ma y also have low enough 
SeSee) C. Solvents with boiling points greater the* ^7^1 itfle atmospheric control for short 
evaforation rates to be suitable for deposition and/or agmg , wrth httl ^ atmospheric 

Periods of time at 40-80(degree) C. For processing <zt 1 £0 ^ ^ ves some r o U gh 

Preferable to use solvents with boiling pomts greater than ^ ^ ; preferences on the upper 
S^«on the lower limit of preferred ^.P^^TgS^ dSn500(degree) C will be so 
Hm U of preferred boiling points. Most solvents with boihng joints ^ ^ have 

v^ous mat they require extra care dunng process^ TypicaUy > ^ Q m% „ not convem ent to 

boUmg points less than 350(degree) C, and preferably ^^/^f a low volatility solvent with a 
dSheat the sol during deposition ^~^^^£$e*»d properties, two or more may 
boiling point less than 250(degree) C. IfnooK" g pre f e rence on the selection of the 

be mixed to improve the performance Thus our (for TEOS based gels) that it 
low volatility solvent is a boiling ^^ 7 ^^U«* SO ™ ftf 5 
^S^SSS ethyle/e glycol are 1,4-butylene glycol and 1,5- 



pentanediol. 

If „ is convenient to do the deposition anda^ ~ 
possibilities. One modification would be to use a solvent 

.# •/ Pt: ,nt9STYLE=1360084482&PRESENT=DB=348,A... 3/2/2006 
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,empera»e.™sa,,ows,hepo^^ 

mtZgpoin. temperature, process ^P»d^« ^fttese pieferably ,ess than 40 

Tolvenl" (solid solvents) should have melting P°»^f *™ ™, ve S is that it readily solid.fy to an 
degrees C An additional desirable feamre for a potent * »Mrt ^ of gel dama ge during an 
amorphous phase. This amorphous :? ol ' d ^fX *me solvent to be removed by freeze dtytng. An 
accidental cooling. Additionally, this might allow ^solvent rf a ^ solvent 

aUemative approach to "f^^SZ^S^^Sd can be water, alcohol or any other 
i^«S,m ^Sffl P— . Tne carrier li q uid could a,s„ be a 
compatible liquid introduced only as a earner. ^ 
Tne surprisingly good behavior 

solvents. We have identified several solvents tha t m ay gi P P ^ t pr0 mising additional 
eClene glycol or glycerol, yet still ^«f^^f m X^aiictrioU and 2-(hydroxymettiyr)-l,3- 
Svents include 1,2,4-butaneJiol; 1 ,2, - bufcmet ^^ethy qP P^ ^ include ^ 

This use of a low volatility solvent allows a be 
deposition, gelation, and/or aging. This is because that ^even tn o gn ive eva poration. This 

avoided, the 8 atmospherie solvent ^^^^^^ temperature across the deposiUon 
wider concentration window can be used to allow w der vana ^ tQ 

Thamber (especially near the wafer of volatility so Wen :m 

least a 1 degree C temperature variation. Thus, the v a P°* (analogous to dew point) of the solvent 

Etmospfere should be such that ^^^^^Sm^ Actually, the criticalitem is 
vapor is at least 1 degrees Celsius less man the ^™P^ ^ film nature of the sol keeps the 

Jsurface of the deposited sol and/or f^f^^mall. Since it is may be much easier to 
temperature differences between the sol ■^ t £™££ ™ iU be used interchangeably in this patent, 
measure the substrate temperature, thes %^ ^P^ oMainable under some conditions volume 
Even though 1 degree C temperature ™ f °™* ™£ * win dow, and preferably a 10 degree C 

production will probably require at least a 3 ^degree C tme fa ^ C r a 

tolerance window. However, the ultima e goaHs to deposrt ; g ^ * substantia i ly ^controlled 
substantially uncontrolled atmosphere In this most preierr w tQ ^daid 

atmosphere), atmospheric ^^.^™«2f5Sii?S^ anSo? precursor sol may have 
cleanroom temperature and ^^^^^^^cd atmosphere allows excessive 
independent temperature controls. If this ^anuany rfc may b e needed. For the 

evaporation, then either passive or less J£*^^X facing the wafer in a relatively small 
purposes of this application, passive ^controls ^We4 to P 6 ^ also ^ , * 

wafer, container atmosphere, and/or reservoir. 

Anofhere^eof modification ^jf^^^^^^^T^ 
necessarily, after aging), the than film we, gel , * bsttmia i number of the molecules on the 

modification agent. This surface modification *"PJ^° is liedj it is generally preferable : » 
nore walls with those of another species. If a surface mom net w ^ waKr ^ ^ removed 
Cove ite water from the we. gel 18 befo <^J"*£» * Up in coating as described in me solvent 

h ^,too, Wt «^^ 
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with many surface modification agents, such as HMDS however i, is no. ™ bllt it 

glycerol-based method, surface modificatton need not be perfonKdtt help^ ^™ j^,,, / A ^ Ue 
csL be used to impart other desirable property to *^tg^£^*J^ chenricnls, and 
properties are hydrophobic^, reduced d.eleetac constant mcreased ' es.stance prop erties 
proved temperature sta bility Some '^^Z^^Z^^ (™CS), ., 

mS^^ 

etc.), phenyl compounds and fluorocarbon compounds. ° n .^™^X foUow the basic formula, 
hexaphenyldisilazane. Some Cher useful P^ 1 ^"^^^^^ CI or OCH3)), and 

Sce y modification agents also include ^"^^,^°^ZZ^^^ 
triphenylchlorosilane, triphenylflourosilane, and ™ formulaThese lists are not 

compound, l.S-diphenyltetmmethyldrsUazane ,s based surface 

CI or OCH3)), that will form covalent bonds with a hydroxyl group. 

The paragraph above lists some of the typical useful properties J^^^^KX- 
However, there are other potential applications * d ^Sl!™Srto include 

different desirable properties. Examples of some other ^poten f^S™^vo\ta& increased or 
hydrophilicity, increased electrical ^.^^^F^^^^^^J^^ 
decreased reactivity with certain chemicals, and , ^J^^^S^ type8 c f properties may be 

tT;"^ mSifiersrafmay ^part other potentially desirable properties. 

This invention also comprises the use of gelation catalysts, such - JSSStSrfcS. 
includes the allowance of other gelation catalysts in ^^™SSS£^Sr the P H of the 
gelation catalyst to be added after d ? oslt ! on ;^ Ca ^^ Typically, acid 

Sal'y*^ 
Scu^t^ 

preferable to add the catalyst as a vapor, mist, or other vaporish form. 

This invention allows production of nanoporous ^f^^^^S^^^^ 
pressure, without a separate surface modifica tion ste p ^^^^^^^^ modification 
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c^a*, i, is also compare with freeze orying. .n genera., this ne» method is compare with most 

prior art aerogel techniques. 

Other exarnplesof^cationsin^ 

gelation need not be performed in the same chamber or ^« » ^ ^ tQ ed surface modification 
fubstrate may have its temperature low^ to, efctfdge ^norc further control evaporation 

and/or gelation. Also, total pressure and/or tempe ^ e forme d at no less than 40(degree) 

rates and/or gel time. Elevated temperatur purred. When working at e evated 
C; however, 50(degree)C is preferred, and 7(Xdegree)^^is^m V ^ atm0 sphere should be high 

temperatures, care should be taken (e.g., the partial pressures in 
enough) to prevent solvent boiling. 

A.mougnTEOShaab^useda^a^ 

r«meftoxysilyl)e*an<= (BTMSE) • -mbmauons S ^n in the art snch as aluminnm 
in the ait. A sol may also be formed from alkoxtdes ; ot ot her me ^ oxides and orgame 

and titanium. Some other precursor sols '^ZoZTc (fumed) siliea and eolloidal sthea. 

I™reS^^ 

SoTrr^^^^^ 



in place of the nitric acid. 
An additional modification is to allow and/or P™*^^^^ 

Monomers per molecule) oligomers in the precursory ok Ttes elarger o g ^ & ^ 

process in the deposited sol. A sol containing large ^g^S™^, higher viscosity can be 
with small oligomers. However, as long as ^^g^^^ and spin conditions To help 
compensated by methods known in the "Jg™ ™J y need to be slowed or substantially halted 
achieve this desired stable viscosity, the o^eiiza " ^ mi ^ t include heating the precursor 
before deposition. Potential methods °^^^Z^T^y^ch as ammonium hydroxide 

Claims: 

1. A metal-based nanoporous aerogel precursor sol, comprising 

an aerogel precursor reactant, and 

a first solvent comprising a polyol; wherein, 

the molar ratio of said firs, so.ven. mo.eeu.es to the meta, atoms in said reaetant is a, .east ! : >«. 
2 A metal-based aerogel precursor sol, comprising 

, •/ t ocTYTE=1360084482&PRESENT=DB=348A- 3/2/2006 
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a first solvent comprising a polyol; wherein, 

the molar ratio of said first solvent molecules to the metal atoms in said reactant is at least 1:16. 

3. The aerogel precursor sol according to Claim 2, wherein 
said polyol is glycerol. 

4. The aerogel precursor sol according to Claim 2, wherein 

the molar ratio of said first solvent molecules to the metal atoms in said reactant is no greater than 12:1. 

5. The aerogel precursor sol according to Claim 2, wherein 

the molar ratio of said first solvent molecules to the metal atoms in said reactant is between 1 : 2 and 
12:1. 

6. The aerogel precursor sol according to Claim 2, wherein 

the molar ratio of said first solvent molecules to the metal atoms in said reactant is between 1 : 4 and 4 : 
1. 

7. The aerogel precursor sol according to Claim 2, wherein 

the molar ratio of said first solvent molecules to the metal atoms in said reactant is between 2.5 : 1 and 
12: 1. 

8. The aerogel precursor sol according to Claim 2, wherein 

said reactant is a metal alkoxide selected from the group consisting of tetraethoxysilane, 
tetramethoxysilane, methyltriethoxysilane, l,2-Bis(trimethoxysilyl)ethane and combinations thereof. 

9. The aerogel precursor sol according to Claim 2, wherein 
said reactant is tetraethoxysilane. 

10. The aerogel precursor sol according to Claim 9, wherein 
said tetraethoxysilane is at least partially hydrolyzed. 

11. The aerogel precursor sol according to Claim 2, further comprising 
water. 

12. The aerogel precursor sol according to Claim 2, wherein 
said first solvent is ethylene glycol. 

13. The aerogel precursor sol according to Claim 2, further comprising 
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a second solvent. 

14. The aerogel precursor sol according to Claim 13, wherein 
said second solvent is an alcohol. 

1 5. The aerogel precursor sol according to Claim 13, wherein 
said second solvent is ethanol. 

,6. The aerogel precursor sol according ,0 Claim 2, further uprising 
a pH modification agent. 

,7. The aerogel preeursor sol according to Claim 2, tether comprising 
an acid. 

18. The aerogel precursor sol according to Claim 17, wherein 
said acid is nitric acid. 

19. The aerogel precursor sol according to Claim 2, wherein 
the pH of said sol is between 3 and 5. 

20. The aerogel precursor so, according to Claim 2, tether comprising 
a gelation catalyst. 

21 . The aerogel precursor sol according to Claim 20, wherein 
said gelation catalyst is ammonium hydroxide. 

22. The aerogel precursor sol according to Claim 20, wherein 
the pH of said sol is between 7 and 9. 

23. The aerogel precursor sol according to Claim 2, wherein 
the viscosity of said sol is between 1 and 12 eentipoise. 

24. The aerogel precursor sol according to Claim 2, wherein 

the viscosity of said sol is between 1 and 5 eentipoise. 

25 The aerogel precursor sol according to Claim 2, wherein 

., .fnvroeenic silica, colloidal silica, and combmattons 
said reactant is selected from the group consisting of pyrogemc 
thereof. 

/ v „ e „ t .STYLE=1360084482&PRESENT=DB=348A... 3/2/2006 
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26. An aerogel precursor sol, comprising 

At least partially hydrolyzed tetraethoxysilane and ethylene glycol. 

27. The aerogel precursor sol according to Claim 26, wherein 

the molar ratio of ethylene glycol to tetraethoxysilane is between 1 : 16 and 12 : 1. 

28. A silicon-based aerogel precursor sol, comprising 
a silicon based aerogel precursor, and 

a first solvent comprising a polyol; wherein, 

the molar ratio of said firs, solvent molecules to the silicon atoms to said reactant is a, least 1 : 16. 

29. The aerogel precursor sol according to Claim 28, wherein 

the molar ratio of said firs, solvent modules ,o the mem. atoms in said rertctan« is no greater man 12 : 1. 

30. An aerogel precursor sol, comprising 

at least partially hydrolyzed tetraethoxysilane and glycerol. 

3 1 . The aerogel precursor sol according to Claim 30, wherein 

the molar ratio of glycerol to tetraethoxysilane is between 1 : 16 and 12 : 1. 

32. The aerogel precursor sol according to Claim 30, wherein 

the molar ratio of glycerol to tetraethoxysilane is between 1 : 4 and 4 : 1. 

33. A non-supercritical method of forming a nanoporous aerogel, said method comprising the steps of: 
providing an aerogel precursor sol, said sol comprising an at least partially hydrolyzed metal alkoxide 
dispersed in a first solvent and a second solvent, 

=?S!o^^^ 

continuing to prevent substantial evaporation of said firs, solvent from said sol until a drying step, 

whereby me skeletal density of the dry aerogel is determine, approximately by the volume ratio of satd 
metal alkoxide to said first solvent in said aerogel precursor sol. 

34. The method of claim 33, wherein said gel is created before said evaporating step completes. 
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35. The method of claim 33, wherein said drying step further comprises a solvent exchange. 

36. The method of claim 33, further comprising aging said gel before said drying step. 

37. A non-supercritical method of forming an aerogel film on a substrate, said method comprising the 
steps of: 

depositing a film of an aerogel precursor sol on a substrate, said sol comprising a first solvent and a 
second solvent; 

preferentially evaporating substantially all of said second solvent from said film; and 

allowing said deposited sol to cross-link to form a wet gel having pores arranged in an open-pored 
structure on said substrate. 

38. The method of claim 37, wherein said second solvent comprises 
a reaction product of said cross-linking step. 

39. The method of claim 37, wherein said second solvent has a vapor pressure which is at least twice the 
vapor pressure of said first solvent. 

40. The method of claim 37, wherein said depositing a thin film step comprises spin-coating said aerogel 
precursor sol onto said substrate. 

41 . The method of claim 37, further comprising drying said wet gel in a non-supercritical atmosphere 
without substantial densification of said open-pored structure. 

42. The method of claim 37, wherein said wet gel is formed before said evaporating step completes. 

43. The method of claim 37, further comprising aging said wet gel without substantial evaporation of 
said first solvent. 

44. A non-supercritical method for forming a thin film aerogel on a semiconductor substrate, the method 
comprising the steps of: 

a) providing a semiconductor substrate comprising a microelectronic circuit; 

b) depositing an aerogel precursor sol upon the substrate; wherein the aerogel precursor sol comprises 
a metal-based aerogel precursor reactant, 

a first solvent comprising glycerol, and 
a second solvent; wherein, 

the molar ratio of the molecules of the glycerol to the metal atoms in the reactant is at least 1 : 16. 

c) allowing the deposited sol to create a gel, wherein the gel comprises a porous solid and a pore fluid; 
and 
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d) fonning a dry aerogel by removing the pore fluid in a non- supercritical drying atmosphere. 

45. The method of claim 44, wherein the first solvent also comprises a polyol. 

46. The method of claim 45, wherein the polyol is a glycol. 

47. A non-supercritical method for forming a thin film nanoporous dielectric on a semiconductor 
substrate, the method comprising the steps of: 

a) providing a semiconductor substrate comprising a microelectronic circuit; 

b) depositing an aerogel precursor sol upon the substrate; 
wherein the aerogel precursor sol comprises 

a metal-based aerogel precursor reactant, and 
a first solvent comprising glycerol, and 
a second solvent; wherein, 

the molar ratio of the molecules of the glycerol to the metal atoms in the reactant is at least 1:16. 

c) allowing the deposited sol to create a gel, wherein the gel comprises a porous solid and a pore fluid; 
and 

d) forming a dry, nanoporous dielectric by removing the pore fluid in a non-supercritical drying 
atmosphere. 

48. A non-supercritical method for forming a thin film nanoporous dielectric on a semiconductor 
substrate, the method comprising the steps of: 

a) providing a semiconductor substrate comprising a microelectronic circuit; 

b) depositing an aerogel precursor sol upon the substrate; 
wherein the aerogel precursor sol comprises 

an aerogel precursor reactant selected from the group consisting of metal alkoxides, at least partially 
hydrolyzed 

metal alkoxides, particulate metal oxides, and combinations thereof, and 
a first solvent comprising glycerol; wherein, 

the molar ratio of the molecules of the glycerol to the metal atoms in the reactant is at least 1:16. 

c) allowing the deposited sol to create a gel, wherein the gel comprises a porous solid and a pore fluid; 

and 

h«p://.oond<.d W og.com^^ 3/2/2006 



r age ^ ^* ' ~ 

Dialog Results 

„ flnid without substantially collapsing the 
electric by removing the pore fluid witnoui 
d) forming a dry, nanoporous dielectric oy 

porous solid; 
wherein, 

the pressure of the drying atmosphere dunng 

pore fluid. elvcerol to the metal atoms 

^.Tnememodofc^S — r -*** 

inthereactantisnogreatermann.l. ,« „f, he alycerol to me metal atoms 

in Ore reactant is between 1 : 2 and . 1. atoms 

in the reaetan. is between 1 : 4 a*l . . atoms 

in the reactant is between 2.5 : 1 and 12 . . ^ 
^^emelhodofelaim^wh.einmenanopomnsdieleehichasapotos.^eatetm 

: rr:::— :r: 

56 .Theme«hod of e,aim4S,whe I ein.henanopo r onsd,e,ech,ehasad 1 

„f th*. substrate during the forming step is <tu 

57 T hemethodofe,aim4 8 ,whereinme«emperah J reof.hesnbs«a 

"eSezingtempemtureoftheporeflutd. 

^ ^ ^.f the substrate during the lornung bicp 

58 The method of elaim 48, wherein *e temperature of me 
£ X*. temperamre of me pore fhnd, and 

• „ .h, -aeo of adding a surface modification agent oei 
wherein, the method does not eompnse the step 

forming step. oflhe subs(I ate during the forming step is above 

59 Thememodofclaim48,whereinmetemperatureof,hesubs,m 

£ Sezing temperature of me pore flmd, and 

fcB ^-«»-.--*---*-- ,l,- -" ,,,,, '"~l. fc 

— — ----••--- 4,fc- -* - 
forming step. 

60. The method of eiaim 48, (briber comprising me step of aging me ge,. 
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container. 

62 . The method of claim 60, wherein .he temperature of - ge. during the aging is greater rhan 
degrees C. 

6 3. Thememodofc,aim 60, wherein ^.emperanrre of .he ge, during «he aging ia grea,er*an 
degrees C. 

64. The method of Cairn 60, wherein ,he temperature of the ge, during the aging is greater than 
degrees C. 

• , C c^ has less than 2% permanent volume reduction 

65. The method of claim 48, wherein the porous solid has less man p 
during the pore fluid removal. 

fluid removal. 

i m Tncc i P « than 5% volume reduction dunng the 

67. The method of claim 48, wherein the porous solid has less than 

pore fluid removal. 

• t. „c Crt Hfl has less than 1% volume reduction dunng the 

68. The method of claim 48, wherein the porous solid has less man 
pore fluid removal. 

combinations thereof. 

72 The method of claim 48, wherein the reactan, is tetraethoxysilane. 

73 The method of claim 48, wherein the dry, porous dielectfc has a porosity ^a«er man 60%. 
75 The method of claim 48, wherein the dry, porous dielectric has a porosity grealer man 80%. 
liquid before the removing pore fluid step. 

77 The method of claim 76, wherein me liquid comprises hexanol. 

78 The method of claim 48, tamer comprising the step of annealing the dry, porous die.ectnc. 
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less than 3 MPa. 
Claims: 

1. A metal-hased aerogel preeursor sol, comprising an aerogel pr = 

consisting of metal alkoxides, at least parttally ,^ ^ *™£K the group of 
^ro?^^ 

said reactant is at least 1:16. 

2. The aerogel precursor sol according to claim 1, wherein said polyol is glycerol. 

3. The aerogel precursor sol according to claim 1, wherein said first solvent is ethylene glycol. 

4 The aerogel precursor sol according to any of claims 1 to 3, wherein the molar ratio of said first 
solvent molecules to the metal atoms in said reactant is no greater than 12.1. 

5 The aerogel precursor sol according to any of claims I to 3, wherein me ^olar ratio of said first 
solvent molecules to the metal atoms in said reactant is between 1:2 and 12.1. 

6 The aerogel precursor sol according to any of claims 1 to 3, wherein the . molar ratio of said first 
solvent molecules to the metal atoms in said reactant is between 1 :4 and 4.1 . 

7 The aerogel precursor sol according to any of claims 1 to 3, wherein the molar ratio of said first 
solvent molecules to the metal atoms in said reactant is between 2.5.1 and 12.1. 

r i • „ i trfc 7 wherein said reactant is a metal alkoxide 

Bis(trimethoxysilyl)ethane and combinations thereof. 

9. The aerogel precursor sol according to any of claims 1 to 7, wherein said reactan. is Kttaethoxysilane. 
,0. The aerogel precursor sol according to claim 9, wherein said tetraethoxysilane is a. leas, partially 
hydrolyzed. 

1 1 . The aerogel precursor sol according to any of claims 1 to 7, wherein the metal in the aerogel 
precursor reactant is silicon. 

12. The aerogel precursor sol according to any of claims 1 to 11, further comprising water. 

13. The aerogel precursor sol according to any of claims 1 to 1 1, further comprising a second solvent 
which is different from the first solvent. 

14. The aerogel precursor sol according to claim 13, wherein said second solvent is an alcohol. 

15. The aerogel precursor sol according to claim 13, wherein said second solvent is ethanol. 

16. The aerogel precursor sol according to any of claims 1 to 15, further comprising a pH modification 
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agent. 

,7. The aerogel preeursor sol aeeording to any of elaims 1 to 15, further comprising an add. 

18 The aerogel preeursor sol according to data 17, wherein said add is nitric add. 

,9. The aeroge. precursor sol according to any of claims 1 to .5, wherein Ore pH of said so. is between 3 

and 5. 

20. The aeroge. precursor sol according to any of claims ..0.5, further comprising a ge.ation catalyst. 
2. . The aeroge. precursor sol according to data 20, wherein said gelation catalyst is ammonium 
hydroxide. 

22. The aeroge, preeursor so, according to Cairn 20, wherein the pH of said so, is between 7 and 9. 

23. The aerogel precursor so. according to any of Cairns 1 to 22, wherein me viscosity of said so, is 
between 1 and 12 centipoise. 

24. The aeroge, precursor so, accordingto any of claims , to 15, wherein the viscosity of said so, is 
between 1 and 5 centipoise. 

a- r« » m nf claims 1 to 7 wherein said reactant is selected from 

26 A non-supercritical method of forming a nanoporous aeroge,, said memod comprising the steps of: 
providing an aeroge, precursor so, as defined in any one of Cairns , to 25, said so. bdng disperse* m 
said first solvent and a second solvent, 

continuing «o prevent substantia, evaporation of said firs, solvent fiom said so, until a dryng step, 

27. The method of Cairn 26, wherein said ge, is created before said evaporating step completes. 

28. The method of claim 26, wherein said drying step further comprises a sofven, exchange. 

29. The memod of data 26, further comprising aging said gel before said drying step. 

30. The method of claim 29, wherein the aging step is without substantial evaporation of s*id firs, 
solvent 
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31. We method of any of claims 26 to 30, wherein said second solvent comprises a reaction prodnct of 
said gel forming step. 

32. The method of any of claims 26 to 31, wherein said second solvent has a vapor pressure which is a. 
least twice the vapor pressure of said first solvent. 

33. The method of claim 26, further comprising depositing a thin film of .he aerogel precursor sol upon 
a substrate. 

34. The method of claim 33, wherein the substrate is a semiconductor substrate comprising a 
microelectronic circuit. 

35. The method of claim 33 or 34, wherein said depositing a thin film step comprises spin-coating said 
aerogel precursor sol onto said substrate. 

36. The method of any of claims 26 to 35, wherein the first solvent includes glycerol. 

37. The method of any of claims 26 to 35, wherein the polyol is a glycol. 

38. The method of claim 36, wherein the nanoporous aerogel has a porosity greater than 60% and an 
average pore diameter less than 20 nm. 

39. The method of claim 36, wherein the nanoporous aerogel has a dielectric constant less than 2.0. 

40. The method of claim 36, wherein the nanoporous aerogel has a dielectric constant less than 1.8. 

41. The method of claim 36, wherein the nanoporous aerogel has a dielectric constant less than 1.4. 

42. The method of claim 36, wherein the temperature of the substrate during the drying step is above the 
freezing temperature of the pore fluid. 

43. The method of claim 42, wherein the method does not comprise the step of adding a surface 
modification agent before the drying step. 

44. The method of claim 43, wherein the nanoporous aerogel has a porosity greater than 60% and an 
average pore diameter less than 20 nm. 

45. The method of claim 29, wherein a, least par, of the aging step is performed in a substantially closed 
container. 

46. The method of claim 29, wherein the temperature of the gel during the aging is greater than 30 
degrees C. 

47. The method of claim 29, wherein the temperature of the gel during the aging is greater than 80 
degrees C. 

48. The method of claim 29, wherein the temperature of the gel during the aging is greater than 130 
degrees C. 

49. The method of claim 36, wherein the porous solid has less than 5% permanent volume reduction 
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during the pore fluid removal. 

50. The method of claim 36, wherein the porous solid has less than 2% permanent volume reduction 
during the pore fluid removal. 

51 . The method of claim 36, wherein the porous solid has less than 1% permanent volume reduction 
during the pore fluid removal. 

52 The method of claim 36, wherein the gel creating step is performed in a gelation atmosphere 
wherefn Ae concentration of a vapor of the first solvent in the gelatxon atmosphere is not actively 
controlled. 

53 The method of claim 36, wherein the gel creating step is performed in a gelation atoms P^' 
wherdn Ze concentration of a vapor of the first solvent in the gelation atmosphere ,s substantially 
uncontrolled. 

54 The method of claim 36 wherein the reactant is a metal alkoxide selected from the group consisting 
diSi-*^ methlytriethoxysilane, l,2-Bis (tt ime»oxys.lyl)ema„e and 

combinations thereof. 

55. The method of claim 36, wherein the reactant is tetraethoxysilane. 

56. The method of claim 36, wherein the dry, porous aerogel has a porosity greater than 60%. 

57. The method of claim 56, wherein the porosity is between 60% and 90%. 

58. The method of claim 56, wherein the porosity is greater than 80%. 

59. The method of claim 36, further comprising the step of replacing at least part of the pore fluid with a 
liquid before the removing of the pore fluid step. 

60. The method of claim 59, wherein the liquid comprises hexanol. 

61 . The method of claim 36, further comprising the step of annealing the dry, porous aerogel. 

62. The method of claim 36, wherein the pressure of the drying atmosphere is less than 3 MPa. 
Claims: 

1 Metallhaltiges Vorlaufersol fur ein Aerogel mit einem Aerogelvorlaufer-Reaktairt, der -aus deraus 
^Xxid^werngstensteilweisehydrolysierten 

Kombinationen derselben bestehenden Gruppe ausgewahlt ist, ^\«^^^7^ 
Losunesmittel wobei das Polyol aus der aus Glycerol, Ethylenglycol, 1,4-Butylenglycoi, ip 
pS3S 1 ilSSmSol, 1,2,3-Butantriol, 2-Methylpropantriol, 2KHydroxymethyl)-U-propandiol, 
W Ta Bu\andiol 2-MeAy -1 3- propandiol und Kombinationen derselben bestehenden Gruppe 
ii!^K^^C«Ll£ii. der Molekule des ersten Losungsmittels zu den Metallatomen 
in dem Reaktant mindestens 1:16 betragt. 

2. Vorlaufersol fur ein Aerogel nach Anspruch 1, bei dem das Polyol Glycerol ist. 
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3. Vorlaufersol fur ein Aerogel nach Anspruch 1, bei dem das erste Losungsmittel Ethylenglycol ist. 

4. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 3, bei dem das Molverhaltnis der 
Molekule des ersten Losungsmittels zu den Metallatomen in dem Reaktant mcht groser ist als 12:1. 

5. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 3, bei dem das Molverhaltnis der 
Molekule des ersten Losungsmittels zu den Metallatomen in dem Reaktant zwischen 1:2 und 12:1 liegt. 

6. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 3, bei dem das Molverhaltnis der 
Molekule des ersten Losungsmittels zu den Metallatomen in dem Reaktant zwischen 1:4 und 4:1 liegt. 

7 Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 3, bei dem das Molverhaltnis der 
Molekule des ersten Losungsmittels zu den Metallatomen in dem Reaktant zwischen 2,5:1 und 12: l 
liegt. 

8 Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 7, bei dem der Reaktant ein 
Metallalkoxid ist, das aus der aus Tetraethoxysilan, Tetramethoxysilan, Methyltnethoxysilan, 1,2-Bis 
(trimethoxysilyl)ethan und Kombinationen derselben bestehenden Gruppe ausgewahlt ist. 

9. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 7, bei dem der Reaktant 
Tetraethoxysilan ist. 

10. Vorlaufersol fur ein Aerogel nach Anspruch 9, bei dem das Tetraethoxysilan wenigstens teilweise 
hydrolysiert ist. 

1 1 . Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 7, bei dem das Metall in dem 
Aerogelvorlaufers-Reaktant Silicium ist. 

12. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 1 1, das femer Wasser umfast. 

13. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 1 1, das femer ein zweites, von dem 
ersten Losungsmittel verschiedenes Losungsmittel umfast. 

14. Vorlaufersol fur ein Aerogel nach Anspruch 13, bei dem das zweite Losungsmittel ein Alkohol ist. 

15. Vorlaufersol fur ein Aerogel nach Anspruch 13, bei dem das zweite Losungsmittel Ethanol ist. 

16. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 15, das ferner ein den pH-Wert 
modifizierendes Mittel umfast. 

17. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 15, das femer eine Saure umfast. 

18. Vorlaufersol fur ein Aerogel nach Anspruch 17, bei dem die Saure Salpetersaure ist. 

19. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 15, bei dem der pH-Wert des Sols 
zwischen 3 und 5 liegt. 

20. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 15, das ferner einen Gelierkatalysator 
umfast. 
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21 . Vorlaufersol fur ein Aerogel nach Anspruch 20, bei dem der Gelierkatalysator Ammoniumhydroxid 
ist. 

22. Vorlaufersol fur ein Aerogel nach Anspruch 20, bei dern der pH-Wert des Sols zwischen 7 und 9 
liegt. 

23. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 22, bei dem die Viskositat des Sols 
zwischen 1 und 12 Centipoise betragt. 

24. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 15, bei dem die Viskositat des Sols 
zwischen 1 und 5 Centipoise betragt. 

25. Vorlaufersol fur ein Aerogel nach einem der Anspruche 1 bis 7, bei dem der Reaktant aus der aus 
pyrogenem Siliciumdioxid, kolloidalem Siliciumdioxid und Kombinationen derselben bestehenden 
Gruppe ausgewahlt ist. 

26. Nichtsuperkritisches Verfahren zur Bildung eines nanoporosen Aerogels, wobei das Verfahren die 
folgenden Schritte umfast: 

Bereitstellen eines Vorlaufersols fur ein Aerogel nach einem der Anspruche 1 bis 25, wobei das Sol in 
dem ersten Losungsmittel und in einem zweiten Losungsmittel dispergiert ist, 

Verdampfen im wesentlichen des gesamten zweiten Losungsmittels, wahrend das Verdampfen des 
ersten Losungsmittels weitgehend verhindert wird, und Erzeugung eines Gels aus dem Sol, wobei das 
Gel einen porosen Feststoff und ein Porenfluid umfast; 

weiterhin weitgehendes Verhindem des Verdampfens des ersten Losungsmittels aus dem Sol bis zu 
einem Trocknungsschritt, 

wobei wahrend des Trocknens ein trockenes Aerogel gebildet wird, indem das Porenfluid in einer 
nichtsuperkritischen Trocknungsatmosphare entfernt wird, ohne das der porose Feststoff im 
wesentlichen zusammenfallt; 

wodurch die Gerustdichte des trockenen Aerogels ungefahr durch das Volumenverhaltnis des 
Aerogelvorlaufer-Reaktanten zu dem ersten Losungsmittel in dem Vorlaufersol fur das Aerogel 
bestimmt wird. 

27. Verfahren nach Anspruch 26, bei dem das Gel vor dem Ende des Verdampfungsschrittes entsteht. 

28. Verfahren nach Anspruch 26, bei dem der Schritt des Trocknens ferner einen 
Losungsmittelaustausch umfast. 

29. Verfahren nach Anspruch 26, bei dem ferner das Gel vor dem Trocknen gealtert wird. 

30. Verfahren nach Anspruch 29, bei dem das Altern im wesentlichen ohne Verdampfen des ersten 
Losungsmittels durchgefuhrt wird. 

31. Verfahren nach einem der Anspruche 26 bis 30, bei dem das zweite Losungsmittel ein 
Reaktionsprodukt aus dem Schritt der Gelbildung umfast. 
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auf ein Substrat aufgebracht wird. 

^ <tt bei dem das Substrat ein Halbleitersubstrat mit einem 

34 Verfahren nach Anspruch 33, bei aem u<k> ou 
mikroelektronischen Schaltkreis ist. 

35 Verfahren nach Anspruch 33 Oder 34, bei den, * ***** — °— 
ta Vrt£Z* to eta Aerogel auf das Substrat umfast. 

, . t,, 96 bis 35 bei dem das erste Losungsmittel Glycerol umfast. 

36 Verfahren nach einem der Anspruche 26 bis 35, ne. oem 

37 Verfahren nach einem der Anspruche 26 bis 35, bei dem das Polyo. ein Giycol ist 
weniger als 2,0 hat. 

40 . Verfahren nach Ansptuch 36, bei dem das nanoporose Aeroge, etae • ~» 

weniger als 1,8 hat. 

^Ve^nnachAusp^b.de^ 
weniger als 1 ,4 hat. 

Gefriertemperatur des Porenfluids hegt. 

. x -i Alterns in einem im wesenthchen 
45 Verfahren naeh Ansprueh 29, bei dem wenigstens em Ted des Alterns 
geschlossenen Behalter durchgefuhrt wird. 

(degree)C. . fift 

0 , . . die Temperatur des Gels wahrend des Alterns groser ist als 80 
47. Verfahren nach Anspruch 29, bei dem die Temperatur 

(degree)C. 

4 , Verfahren naeh Anspruch 29, bei dem die Temperatur des Ce.s wahrend des Aherns ^ser rs, a!s 
130(degree)C. 
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weniger als 5 % bleibende Volumenverminderung erfahrt. 

50. Verfahren nach Anspruch 36, bei dem der porose Feststoff wahrend des Entfemens des Porenfluids 
weniger als 2 % bleibende Volumenverminderung erfahrt. 

51. Verfahren nach Anspruch 36, bei dem der porose Feststoff wahrend des Entfemens des Porenfluids 
weniger als 1 % bleibende Volumenverminderung erfahrt. 

52 Verfahren nach Anspruch 36, bei dem der Schritt der Gelbildung in einer Gelieratmosphare 
durchgefuhrt wird, wobei die Dampfkonzentration eines Dampfes des ersten Losungsmittels in der 
Gelieratmosphare nicht aktiv gesteuert wird. 

53 Verfahren nach Anspruch 36, bei dem der Schritt der Gelbildung in einer Gelieratmosphare 
durchgefuhrt wird, wobei die Dampfkonzentration eines Dampfes des ersten Losungsmittels in der 
Gelieratmosphare im wesentlichen ungesteuert ist. 

54. Verfahren nach Anspruch 36, bei dem der Reaktant ein Metallalkoxid ist, das aus d er aus 
Tetraethoxysilan, Tetramethoxysilan, Methyltriethoxysilan, 1 ,2-Bis(tnmethoxysilyl)ethan und 
Kombinationen derselben bestehenden Gruppe ausgewahlt ist. 

55. Verfahren nach Anspruch 36, bei dem der Reaktant Tetraethoxysilan ist. 

56. Verfahren nach Anspruch 36, bei dem das trockene, porose Aerogel eine Porositat von mehr als 60 
% aufweist. 

57. Verfahren nach Anspruch 56, bei dem die Porositat zwischen 60 % und 90 % liegt. 

58. Verfahren nach Anspruch 56, bei dem die Porositat mehr als 80 % betragt. 

59. Verfahren nach Anspruch 36, bei dem femer wenigstens ein Teil des Porenfluids durch eine 
Flussigkeit ersetzt wird, bevor das Porenfluid entfernt wird. 

60. Verfahren nach Anspruch 59, bei dem die Flussigkeit Hexanol umfast. 

61 . Verfahren nach Anspruch 36, bei ferner das trockene, porose Aerogel ausgeheizt wird. 

62. Verfahren nach Anspruch 36, bei dem der Druck der Trocknungsatmosphare weniger als 3 MPa 
betragt. 

Claims: 

1 . Sol de precurseur d'aerogel a base de metal, comprenant un ^f^^^^ ££? 
les alcoolates de metal, les alcoolates de metal au moms parhellemen ^^f^^ ™^ 
particulates et leurs associations, et un polyol en tant que premier P ^ISoMe 1 23^ 
le glycerol, 1'ethylene glycol, le 1,4-butylene glycol, le 1,5-pentanediol, le Y£'iT?lX^£f\e 2- 
buranetriol le 2-methyl-propanetriol, le 2-(hydroxymethyl)-l,3-propa^ediol le 

methyl-1 ,3-propanediol et leurs associations, le rapport molaire desdites molecules de premier solvant 
aux atomes de metal dans ledit reactif etant d'au moms 1:16. 

2. Sol de precurseur d'aerogel selon la revendication 1, dans lequel ledit polyol est le glycerol. 
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3. Sol de precurseur d'aerogel selon la revendication 1, dans lequel ledit premier solvant est l'ethylene 
glycol. 

4 Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 3, dans lequel le rapport 
molaire desdites molecules de premier solvant aux atomes de metal dans ledit reactif, n'est pas supeneur 



a 12:1 



5. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 3, dans lequel le rapport 
molaire desdites molecules de premier solvant aux atomes de metal dans ledit reactif, est de 1 : 2 a 1 2. 1 . 

6. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 3, dans lequel le rapport 
molaire desdites molecules de premier solvant aux atomes de metal dans ledit reactif, est de 1:4 a 4.1. 

7. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 3, d ™ s .\ G ^% Ta Vf°*. 
molaire desdites molecules de premier solvant aux atomes de metal dans ledit reactif, est de 2,5.1 a 12. l. 

8. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 7, dans lequel ledit reactif 
est un alcoolate de metal choisi parmi le tetraethoxysilane, le tetramethoxysilane, le methyl- 
triethoxysilane, le l,2-bis(trimethoxysilyl)ethane et leurs associations. 

9. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 7, dans lequel ledit reactif 
est le tetraethoxysilane. 

10. Sol de precurseur d'aerogel selon la revendication 9, dans lequel ledit tetraethoxysilane est au moins 
partiellement hydrolyse. 

1 1 . Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 7, dans lequel le metal 
dans le reactif precurseur d'aerogel est le silicium. 

12. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 1 1, comprenant en outre 
de l'eau. 

13. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 1 1, comprenant en outre 
un deuxieme solvant different du premier solvant. 

14. Sol de precurseur d'aerogel selon la revendication 13, dans lequel ledit deuxieme solvant est un 
alcool. 

15. Sol de precurseur d'aerogel selon la revendication 13, dans lequel ledit deuxieme solvant est 
rethanol. 

16. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 15, comprenant en outre 
un agent de modification de pH. 

17. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 15, comprenant en outre 
un acide. 

18. Sol de precurseur d'aerogel selon la revendication 17, dans lequel ledit acide est l'acide nitrique. 

19. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 15, dans lequel le pH dudit 
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sol est de 3 a 5. 

20. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 15, comprenant en outre 
un catalyseur de gelification. 

21 . Sol de precurseur d'aerogel selon la revendication 20, dans lequel ledit catalyseur de gelification est 
l'hydroxyde d'ammonium. 

22. Sol de precurseur d'aerogel selon la revendication 20, dans lequel le pH dudit sol est de 7 a 9. 

23. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 22, dans lequel la viscosite 
dudit sol est de 1 a 12 centipoises. 

24. Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 15, dans lequel la viscosite 
dudit sol est de 1 a 5 centipoises. 

25 Sol de precurseur d'aerogel selon l'une quelconque des revendications 1 a 7, dans lequel ledit reactif 
est choisi parmi la silice pyrogene, la silice colloidale et leurs associations. 

26. Procede non supercritique de formation d'un aerogel nanoporeux, comprenant les etapes consistent : 

a former un sol precurseur d'aerogel tel que defini dans l'une quelconque des revendications 1 a 25, ledit 
sol etant disperse dans ledit premier solvant et un deuxieme solvant, 

a evaporer presque la totalite dudit deuxieme solvant en empechant une evaporation importante ^dudit 
premier solvant; et a permettre au sol de former un gel, le gel comprenant un solide poreux et un fluide 
dans les pores ; 

a continuer a empecher une evaporation importante dudit premier solvant a partir dudit sol jusqu'a une 
etape de sechage, 

ladite etape de sechage comprenant la formation d'un aerogel sec en eliminant le : fluide ' ^ les Pores 
dans une atmosphere de sechage non supercritique sans affaissement important dudit solide poreux , 

grace a quoi la densite du squelette de l'aerogel sec est determinee approximativement par le ^apport 
volumique dudit reactif precurseur d'aerogel audit premier solvant dans ledit sol precurseur d aerogel. 

27. Procede selon la revendication 26, dans lequel ledit gel est forme avant achevement de ladite etape 
d'evaporation. 

28. Procede selon la revendication 26, dans lequel ladite etape de sechage comprend en outre un echange 
de solvant. 

29. Procede selon la revendication 26, comprenant en outre un vieillissement dudit gel avant ladite etape 
de sechage. 

30. Procede selon la revendication 29, dans lequel ladite etape de sechage est effectuee sans evaporation 
importante dudit premier solvant. 

31. Procede selon l'une quelconque des revendications 26 a 30, dans lequel ledit deuxieme solvant 
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comprend le produit de reaction de ladite etape de formation de gel. 

32. Procede selon 1'une quelconque des revendi cations 26 a 31, dans lequel ledit deuxieme solvant a une 
pression de vapeur qui est au moins le double de la pression vapeur dudit premier solvant. 

33. Procede selon la revendication 26, comprenant en outre un depot d'un film mince du sol de 
precurseur d'aerogel sur un substrat. 

34. Procede selon la revendication 33, dans lequel le substrat est un substrat semi-conducteur 
comprenant un circuit micro-electronique. 

35. Procede selon la revendication 33 ou 34, dans lequel ladite etape de depot de film mince comprend 
un depot par centrifugation dudit sol de precurseur d'aerogel sur ledit substrat. 

36. Procede selon l'une quelconque des revendications 26 a 35, dans lequel le premier solvant comprend 
du glycerol. 

37. Procede selon l'une quelconque des revendications 26 a 35, dans lequel le polyol est un glycol. 

38. Procede selon la revendication 36, dans lequel Taerogel nanoporeux a une porosite superieure a 60 % 
et un diametre de pore moyen inferieur a 20 nm. 

39. Procede selon la revendication 36, dans lequel l'aerogel nanoporeux a une constante dielectrique 
inferieure a 2,0. 

40. Procede selon la revendication 36, dans lequel l'aerogel nanoporeux a une constante dielectrique 
inferieure a 1,8. 

41. Procede selon la revendication 36, dans lequel l'aerogel nanoporeux a une constante dielectrique 
inferieure a 1,4. 

42. Procede selon la revendication 36, dans lequel la temperature du substrat au cours de 1'etape de 
sechage est superieure a la temperature de congelation du fluide dans les pores. 

43. Procede selon la revendication 42, ne comprenant pas 1'etape d'addition d'un agent de modification 
de surface avant 1'etape de sechage. 

44. Procede selon la revendication 43, dans lequel l'aerogel nanoporeux a une porosite superieure a 60 % 
et un diametre de pore moyen inferieur a 20 nm. 

45. Procede selon la revendication 29, dans lequel au moins une partie de 1'etape de vieillissement est 
effectuee dans un recipient pratiquement ferme. 

46. Procede selon la revendication 29, dans lequel la temperature du gel au cours du vieillissement est 
superieure a 30 (degree)C. 

47. Procede selon la revendication 29, dans lequel la temperature du gel au cours du vieillissement est 
superieure a 80 (degree)C. 

48. Procede selon la revendication 29, dans lequel la temperature du gel au cours du vieillissement est 
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superieure a 130 (degree)C. 

49. Procede selon la revendication 36, dans lequel le solide poreux a un taux de reduction de volume 
permanent inferieur a 5 % au cours du retrait du fluide des pores. 

50. Procede selon la revendication 36, dans lequel le solide poreux a un taux de reduction de volume 
permanent inferieur a 2 % au cours du retrait du fluide des pores. 

51 . Procede selon la revendication 36, dans lequel le solide poreux a un taux de reduction de volume 
permanent inferieur a 1 % au cours du retrait du fluide des pores. 

52. Procede selon la revendication 36, dans lequel Tetape de formation de gel est effectuee dans une 
atmosphere de gelification dans laquelle la concentration de la vapeur du premier solvant dans 
Tatmosphere de gelification n'est pas activement ajustee. 

53. Procede selon la revendication 36, dans lequel l'etape de formation de gel est effectuee dans une 
atmosphere de gelification, la concentration de la vapeur du premier solvant dans Tatmosphere de 
gelification etant a peu pres non ajustee. 

54. Procede selon la revendication 36, dans lequel le reactif est un alcoolate de metal choisi parmi le 
tetraethoxysilane, le tetramethoxysilane, le methyltriethoxysilane, le 1 ,2-bis(trimethoxysilyl)-ethane et 
leurs associations. 

55. Procede selon la revendication 36, dans lequel le reactif est le tetraethoxysilane. 

56. Procede selon la revendication 36, dans lequel l'aerogel poreux et sec, a une porosite superieure a 60 
%. 

57. Procede selon la revendication 56, dans lequel la porosite est de 60 % a 90 %. 

58. Procede selon la revendication 56, dans lequel la porosite est superieure a 80 %. 

59. Procede selon la revendication 36, comprenant en outre l'etape de remplacement d'au moins une 
partie du fluide dans les pores par un liquide avant Tetape de retrait du fluide des pores. 

60. Procede selon la revendication 59, dans lequel le liquide comprend de lliexanol. 

61. Procede selon la revendication 36, comprenant en outre l'etape de recuit de l'aerogel poreux et sec. 

62. Procede selon la revendication 36, dans lequel la pression de l'atmosphere de sechage est inferieure a 
3MPa. 
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tit thMflWUW^ 



"o^sf^^o^^^^? 
[0006] ^t*iW8 1 0<0 *f 

{inl'.CO.O^H.O^HO-..^. 

10 0 0 9] „ . 

<t2] (GEO 8 Si-OH + HO-S,(OH) 
(GEO sSi-O-Si (OH) 3 +H 2 0 

*(OEt) 3 Si-OEt + HO-Si (OEO s-. 
(nPtl Si-O-Si (OEt) 3 + EtOH 
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[0011] y^-y^s:fSii*-fe c, ^* 5 -t utT3ia 
feg©-/^?: (flaiS.fi.*:?'^— =— T'-f a*=»— 

m<-rz n.#>\zmwL<to'S.<ov>\«o P h & & *. a VMtm 

B6jhV*v^<^«>^t I't (±«B*BMMWBS. 4 
7 0, 8 0 2^lcEt*ntv^J:5«) «fr&3£.it#1l 

[0 0 12] 7aB^t*to^tttt*?*iK 

(*:£&31&T?6 0%*-Ct?*>2>* J , — «tl±1^^5 
a v<o^^Siit-C^^5LS"' ? <* , * ,i 5 0 %i 9 t> 

oa>i*5o%j:9fc*#^#a ! * iS &*'-rsas, w*vfett 

3fc<D*-fc o yA4*«K** *?LS 1 0 0 n mEl 

Ji) tr*UTVrfc. - H b*£ /ifl.a»^HiI««S 
flC*5*»<t 9 >h 3 v \ r. J; 5 ttumz * 9 - 
■y/Hl-^-f 9 o SBJt©/h* v % C— ««= 1 * n ^ *~ 
*£9fc/hS<. SMEttfctJlOODinin*^) 

#m*)2 5nmJ:9t>/h£<. »*U<tt20nm«t 
9/J>£v^ (iOfftUlilOt/^-WK Htcfc9 

[00 13] 



[0014] ^/^msmsR^^-^ft*^* 

y ^i-2> 1 -oc^aaMIHW-* * 5 icife*-*-* ;:£-?*> 
[0 0 15] /w-*»e>*-^^^»** 

[0 O 1 6 ] 5*#S?S/b v©B«fc«6tti»*8*«** 
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rco^tfi. /vco J: p^^J(c*ru 

Uttltixtfftbftv^r. £ &^i£b-CV^ ba>bfta*& 

$^rSrir^JoTV^5o lot, -jRU:rt»S:«aSi* 
[0 0 17] 

4WBi- 5 w i: # J; 9 A#*«f ftSR-Cfc* £ £ £38JLb 
#am$0^Sr («3RO>»JH2:Jt«kUT) VZ^frlc-eZ 

[0 0 19] ^y#?LKo««#Sr»3S-rSBRfcW:S» 

9*b-c*5M\ z<Dm&<o--unz<D^—i?^y&m 
t*-mzm&*mmzmm'z^bz&&bi,. t-r>- 
n<Dmmb^x^T*ixiz&B*izn&mfflbt>*t>*z>b 

- b t>^S»U-CV>5o #3&WcDlocD#|ft£bT. 



-v^>^-C# SSUflso-S* >^ftfS***rf <b*t*o 

[0020] tut, r^ny/wtt^fcri^w^^li^ 

S«:^/^^^a3g^c^©bTV^^V^^m!i^-r'<#-C*>So 
[0 0 2 1] mQft&<D&m&,ftX<D^--i?l<' 

^A/-CV>S^"C 1 b^T^ : 6o VfrVtH&hZtibJj 

co^m<- 31— s^ysT** 
[0022] m&n^—^ ^y&±cz>it#>. mfewm 

mz®btez>mfat**>z. -te^. *^y^«ft* 

[0 0 2 3] ^t, i^^^^oAMXffoJKX^ 
■CfeS^^mbTV^So S^WJcrt:^^^^^^ 

t>1Tfr1to0. 0 12mLt*»l, r^itt^Olo^ 
t). ffilgl/irird^^bSo i-ft*>t>*Bt©*B5«* s lS 

[0024] ^^rtt^a:— s^±X<DKftffiftte$i9k$.& 
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[0 0 2 5] *WJNBWcttT3tny/^«lffi«bKy^3& s H! 

Tain y/H»WtoJt»Sflei: % y a— /wSr-Stf SK 1 8 

©5>*«>*A'it3^*ft< £t> 1 : 1 6 fcftoT^So # 
*U<ttSBl«Sltt^y-fen-^-Cfe»), aP£L<ISr 

ttltl : 2-1 2 : KDFifl-C&Sc *>SH*W-eW:RiS 
2. 5:1 — 12: 1 (£>Ftf-e*>2> 0 w<D^i5fe-C«;^y # 

n <oJB 2 «a«±^ y -fe n -A- J: 9 ii5V So 

1, 5 ^ ^ ^ Zsi?*r*-A& X Xf^ttl h ^S^W^ <b 

si — A4*l, 2, 1, 2, 

3— y^^MJaJ-— /W; 2 — p'^vKT'oa^ K V 3*"^ 
/W;*>£tf2- (kKB^f^) -1, 3, 

; 1 - 4 , 1-4, isi/it—A' ; *5 «fctf 

o»*-&to**»e>rts»^e>3i^$*t^<>o"c*>*. & 

/K 1. 4^i/^!)a-;K 1, 5^<v^>^— 
[0 0 2 6] ftioT. *»9irt»H*«0tB«r4f Sifcft 
fc:i-5t>tf>-cfc* 0 Bijo»«fcJ:tt« % *3B91Ht£lktt 

[0 0 2 7] ft<oHffi«r*JH-t-*v«. «*o^&*3j;tf 
[00 2 8] 



[0029] i) *\*>-*>m&\zm\*izwm& 

2) f^a^mtttt 

3) y/vmmiz&vz&fettmm 

[0030] zthh&ft&mtt&x<omm&W'S'i'*5 

[oo3i] igi s \c7jk£ft,z>& ^ra t = 0T?rx 
\z#'j>-rz>m<Dm&i*mT i ^raic^x^^e^ 

rcD^ra^W, hitr^-TSo 
lii:Ay^C^V>ri:365»^UV\ T10»T»K:ttK 

[0032] R#|»T 2 tt«$BI$raT 1 OUTAi 
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1 *fcttT 2^Pfllc»J»SH*:#H«rt^«.ffi*tt^* 

OSS«S:ift3ti-5. T2©Pfltt«»tfli*:A/££i:*l' x 
* 5 * * - £ 9 > * LigEtt £ \zotiX^m-xmS tt 
[0 0 3 3] y/Wb&«<DJ«6<Dtt*. — ^»J*S 
tot, y/Wfc«flBT3wa^3185BS:»fll8 

ifi-rsicoih/C. *IBT3 0lB"Ctt*3^»U<RflS-*-a 
[0034J iO«fLV^«fe©»ao*Jj»«:. Sl5d> 

^*n<z>te*-e£{k-*-* 0 r©*ft€r«ffl-r*t«r«tttto 

[00 3 5] *0^7^7^«^$H^y/^Si:SiJ 
^C»ti LtliR. B. K, W. E. K 

e. n. wh7ync«naa« cwc«i6*fe 
*w-sjaiatafl[o3K38u— h^$nxv^^ 0 £<ojsb 

w-h£&S3rPi8 (#*L<tt$fe#^*#£) oSISrJBI 
B95i+SP^J®^c»S. coBBOirKoj&HiBlILL 



[0036] IS* ttX»»tt<B«ftl*:«fcffl-*- 

9 MB Lfcv^TteBBttiSaSSrftJB-ra 

fcfcBJLUfc. 

[0 0 3 7] ^HD-^w^riiatif^ 
?h+ % y/wk+*ij:i^/*fcr4*-^^^+^** 

ffi £ ^ y -fc n — ;v<dM3& Y & W £ 9 icSEflrt* 
sa>£r^UTV^ 0 a^^BB»-J:tttf. yy-fen— 

«t 9 Sit A*t RTBfty/i'*:**^* 5 w t j9*Bo 
J:l/y/Hk*<0 (XKHlcBBdJxftv^BBSC) 

B0&ABB*£»i4t*. 
[0 0 3 8] gftflfc Lt^yto- A-Sr««i-SJtt*W 

& ltii, Bibbx-cbbi"- h $ 

y-feti— ^t»v^t4<MPt4v^ StfMtPtft 
A^frffiv^^^ B5aaaC-COBBu— h*s+4MS<ft 

MSrttWym yyWki-iw^lci:0. 

y a— yvSr^v>^i:^22aS-C^»^— ftt^y^n 

w^y 3-;vli/;vtt;«St5^yto-/H^ 

[0 0 3 9] ai^-u^^y 3— /VJSiltW^Iro— /H± 
©^^JEi3 i ftfrttB** t Ltift < y/v- y/u 

^j^Ki: LtTh7x^v->7y (TEOS) 



[0 0 4 01 

[A531S1 (OC 2 H 6 ) 4 + xHOC 2 H 4 OH« 
Si (OC 2 H„) + x (OC 2 H 4 OH) , + xC 2 
H.OH 



1004 11 yij**-/!********* 
ittf b5*h^->7^ (TEOS) Sr<£ffl-t-5» 

[0 04 21 

Hb4l 



SKOCHs), + x IHOCH 2 CH(OH)CH 2 OH1 «* SHQG**. lOCtfrfOHJA + * 



[C 2 H s OHl 



[0 0 4 31 S*WICtt. ihbfcW©****^ 
*0 0 4 4l SiUV^J^Srffiffl^^t^ 1 '^^ * 

if©* #5L«©->9 *^n-fe^^** s *>5*' 

mrafi Xfi5mmS) THlO»»ff5i4#«f 

[0 0 4 51 ^9*»— MtTEOStRlW^ 
J -A,/T EOS t 9 *ft ofcttH** 

tS«i^t*M. ^Dto^/TEOSS^ 

[00461 • HMMttl* » 

• iJ{>T*fftSiBa(~l. OOOmVg) 

[00471 *^Wtc £ixa« ^» ft**® 

_ ttK0 . 3-0. 2g/cm 3 (^5LR»Si0 2 
142. Sg/cm'C^tt^M^ttatl' 
fc^CttO. lg/cn 3 4tEfCt5. 

<t5ffi»-Cia«bfc«^. £ ©fflffitt*) 8 6%~9 1% 

2,) ©#?U£*jg:*-fa. B3lwSW*5e. ^ 

C**U 9 1%©»»6K*rUXI*l. 2 ©««*£* 



*oo4 8i ms-r*v»i. c^ot^W" 

*S£*.*Ci:KJ:9> P«-<?#S. 

sttt v^. ^<oa>©fc*©**' :i *'' vtt50%J: 

9 v% *« (-«»^10 0nm 

^0 0 4 91 **9lr^*Xffi**^#** 

[0 0 5 01 MM**— ^ (*fel*«W>* 
K) ic5tt-ra : /9-fen-^©itSriC«.S-'!:^* 9 > * 
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[0051] mmtztiiz^—i?>y — 1-s £nn<D 

v^U&ltSo =—*J>?+. @{«ififi«#<E>tf*»ft 

tay/PWC^^-5lif$J^fcSo fit*. 
[0 0 5 2] a*^&ft^!Ji?u-yMC^<:^»ir 

*t*y/Wfc«l»K:*J>ft< fcfcfcSSftTEIc^r^w^ 

m$M»&&mk-rz. ztik^mmc^v^u—^m 
«>fc*)> ^Brr*r£as^fg£fto-cv^ 0 m*i*^ta 

[0 0 5 3] J:9Sv^A«Ha ^ytc^otti 

t>4 o o©?oy^ra«rw-r^ (»**««f^«t?ttt> 



WIBttBf «©«^«/*«tfc*H-*±IRi: ft 9 

HI 4 $ ttT V > $ ^ A'SSGBttft*©* * -/ — A^MMB 

-r o r i li^ri$r^Sl^J»T# 5 r i: 
[0 0 5 4] mfett*ft^y-fen — a^^a^***? 
So a*tttt«t*^uft<rt*iiirt'cyMk«rHi*6 

1 oo*tfett»»tt»3B«r3R»*** - * K * 9 flHHfe 

Apwm&ma ^r^ict^pH s 

v*a. u*^Uft*5bro^»b^ti-fe^ri~-«:^7 

7i9 ffivHK£-C0 p H03g3E£r£>3S£ bft 
t\ CO* 5 ftS&38fc J;S^»fcW:ft^«Jft^tt»jSe 

iLtfffliWa^^ / — A^cEEtt"*-*** b ***** So 

[0 0 5 5] — /i^w-i/^ 

^oyyv^li^ft?)^ftS«J:p-C*>So ^oT. TOW 

^$HSt)OTJfc5o La>Lft#?>, M<Z-ktX. 

m^<mm#*>*o zv&m&miB-rzmmici^xte 
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[0 0 5 6] *$te&mm--&*n\<^<'?fr<n&>i&' < 

800m 2 /g <B«Hrt©*ffi««rW+Stt*tt3^ y 
iritaitl 000m 2 /g^#$T 

[0 0 5 7] ?L«»* £tlbmk'<**#'Wft& 

I2J&0. 5 7g/cm 8 C«KitfcWy^ 
(B J HftttMEIc* t>$]^$Hfc) ?L&»*tr 
#-*-<5. r^fy^TO?Ll GKttttM) 143. 7 

[0 0 5 8] Ji^UfcipiC^y-feo— A*^©* 
[0 0 5 9] #B«ft!l«i«:i-Sii:*<^-y#3LK©l» 



[0 0 6 0] -«i:L-C, *5^y-fen— 
v^S^^^a•C^J£-r^^^— i^Vj/O^^til BOS 
££38JLL;fco La>Lfcas£>> £*);i5iNia# 

h ^2 ic^fr* £ 5 t£*-—V^? 

[006 1] 

Ml] 



[0 0 6 2] 







CO 




2 5 


1 B 


1 0 0 




1 4 0 




[*2] 
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x* / -Asy* 
















0% 


50% 


99% 


0% 


50% 


93% | 


!• 


50% 


99% 


1 G / 
25* C 


8 

nun 


7 
mm 


86 


17 

T 


7 

urn 


172 
ran 


13 
nm 


5 

nm 


.1 
nm 


300 # / 
100- c 










1.2 


90 
nm 


600 

nm 


420 
ran ' 


9 

nm 


14(TC I 












6 

1OT1 


jim 


60 
nm 



[0063] &m£fhfz&m**)i3£Tfmm&*&*tr 

v^K*«jfc*:^tt»-e*a. c©X5ft2»ttW»Ptt4> 

*ofCi©ai^«<o lot, «^3!SftEE"C<D«** 
■BT*tt*i: ^ C*©»»«*J 6 r ft 

v\ ■ 8 ^i^s^)^^c*5v^•c^I3E^^cD^ 9 ic&k 

Ahfc^, «JR|^fert*^iX7£^l5v^Ji«r»«£ttfc* 
t % xf i/y^!)3-;Hy;VTIi8 0t*"C, 20n 

(iMmjyoK-otto. 1%) ^srta^tircfcSo 

a>Lftj&*b* 10 00 cm 4>#flTCfc8 0 TCX^i*^ 



^©y/wn-is:^^^^ ft v \ 

[0 0 6 5] ^ytD-/UOlO©*Att, 3fcM±2*tt;tfc 

1 l AttSfltox^f /v£ -fep-;voii^^ 
«fc T/* * y —A' £ 9 V -fe » — tvmm&mtDWr H $ 

»8Mt**rtfc: * * J — A^*r««-r « 2. £ * ^ Mft * 
5 0 01 1 A— 1 1 BlC^$ttfci(*ttr* 

i^ftafr^4fc*ritfc>rt-<5*>o-c«>5. hbkh* 

t* % @i ia-i i Btc^£;hrcv^tettC^\#<9iEJ¥- 
[0066] ^<dx? ft^/v^«sy^«fett»i<o*ife^» 

MHMt&Aifftu ^<tt;/*fctttRt5r^ia») 

ft^»«> r ^«tt«:Tif5«rt'-'cft<» y/M$fajt>* 
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loo 6?i\o^ *W«wr«^ 

ttyf-. ( *^** m 5?* 

Z^fliy 

bT ***** 2 0-40 %©PB»«*a*^*« JB ^ 
l0 068l iBiwsM^^tTBMj 

*fci»*n*T) 



loo 711 

0 0 7 21 **■! 2A^»t5. r^^V 

[0 0 7 31 «BWo»i©W»« l " i: ** uX ' 61 - 



-li- 



mlOrh^xh^i/^^ (TEOS) 61. 0 
m 1 <D^!)1ro— ;Vt. 4. 87ml<E>7K£. 0. 2m 

0. 2 0. 8 

/Wt, 0. 2 7^/MD7K£, 2. 0 4E(O4^/V©HN 

*&*!>£>H5o SKI 0±fc*MT3^6ml 

^sc^fc^eau mi 0^5-1 o^ora. 15 

00-5000rpm (£©aSl4WSi"aiRW£J&C 

y — v/v — a^x?) UtT^c^So :or^>3 >*5<fc 
ipsstt ttttv ^<zrc ^ y -t o — ?v<D ftffx i*£ c ft 

£r»*U $K 8 ®1 2B{*2I 

fWl-t^tO <^9 0%£fctt*;h^±tf>) S — 

y -feu— /M£j^STEOSOifcttll£#*5&LV\, 

[0075] #Mt&* mm<owmy/^ 1 8 l*#?L«tf> 

fa 2 5t;-C»2 4 mmVfK- &&&XT*?A'&tM'T* 

3o-i5 ox;izm%t+z>^k\z£ox&ifcrz>z. t& 



10 0 7 6] »tt#ttttttttW*«tfV*< O^O^fcO 
^Z/^frfc^ 8£3£&^#S« L^L^^e>wne> 

OlB % fa50—500rp mG>IB^* ~— ^ 

com. 5 0^5 0 0 r pm©WC!>3:-^^y^ 
l 8a>fciK»S*w 

10 0 7 7] r©IHHiRI»«#^ A/^^^^-C 
v >/i v V ~— ^SB Sr^*"t" 5 r tic J: o r ^ 
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sailer*. yy-fcn-/us>*fcfci* 

a*U^W*ttfft?>ftv\ «UMftttSfc«*ft* Wiffl* 
* fc ft* <D ±(c#^i" <& *fttt £ 5 <0 & J& 

5-6 0#<DWT?3 0 Onct?) ^-^fS-^Wt U 

1 : 3T2b* 0 

[0 0 7 8] Rm^SrTrfSlCl^jftbfc^/V^fc K 
(HMDS) *fcr4^^^*^ 



[0079] il3tt, *»WO-*16«l2: J: 5«rWto 

[0 0 8 0] 
[*3] 





4#£« 


mtz<o 


iff * U'RM 


1 0 

2 6 


•> 9 3 > 


mm. 




1 2 


Al-<3L5ICr 








TEOS 




tiDi&Di'*) =3 >&&&~rA>zs*i/ yam , 

(TICS. UTEOS, BTUSES0 . ^Olki]R©7^3 




—A* 


A<©3gl* 
» 


^U5-^V^>^a!--4/ % l.Z.4-"T^> h 'J* 

s<>h*)Jt- Jit; i3j;e?2-< tKo + »f* 
)-l3^a/<>^*-/l/ ; 1-4. 1-4, 

-a, -, $>xm-/ *-A>'i*s- -Two?*-* 




ttSt 

(HN0») 







[0 0 8 1] 



[*4] 
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A, 


n GBEJf » 
tt) 


















una?*** h*nfc*/A'OpH*±»f* 




*** 




/y-up-^ 'J =x— As 7k. x 




x-y> 




/-As 2-X^ Aff+ATT Af3 -As TA3 




(HMDS) 




h*>>5>. *J*+*V* Hri/5/^iS 
h«^fA'^DD->7> (THCS) % 7*— — 



[0 0 8 2] *55W©JB2 0J:9iiiv^a[0*l£«lcJ: 
tbffx 150. 0mlOfh7xh^7^ (TEO 
S) 61. OmKO^Dto-;^, 150. 0m 

\<Ox-#J— Ash* 12. 2mlcOTKi:s 0. 48ml 
(DlM<DHNO 8 tS:a*U-6 0ttl. 5J$ffi3S 

0. 6 0. 8 4 ; e/V©^ , JtD- 

2. 5 7^/^03^/— A*fc* 0. 6 7*;^* 
£ % 4. 9 0 EC0 4^/VC0HNO 3 ^r^^b. ^60t 
■CI. 5^r^IS^-rSc »iS«rac^ 

ttlc^7t;T?(MHBlc«VU «ffii"5*-CSf«tt«rli 

£-Ci&#><b*x* 0 S«10±^ta"e3-5ml<oro 
«lWteK2//i'«r#EU S«l OSrttS — 1 0 
1 500-50OOrpm ©5Stt«:Bfa"*"SK»^ 

-Tic ^O^tfi^a vr»»t:l«»UftV*#BMU'a 



/K^fiP^tttev^o-C^y -feci— yPOXJtttttXB 
So Si aB^SWIct^to (JKJ9 5%£*:f*£ft 

[0083] m i mtemz&M<n?v-**<o&^ 
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^SSt^S- ti^-CtS. rwHi&tfl© (^BSfeSfitl 

10 0 8 41 *36i<oS 3© i !) S^^W-* 
Hti, 208. OmlOf^ih^-^VdEO 
S) fc, 61. OmlC^!)tn-;Wi, 208. Oro 
1 <03LfJ— frt. 16. 8ml<D7kt. 0. 67ml 

©iM©HNo 3 t^u -eot-ei. 5^mm 

0. 9 3t^©TEOSi, 0. 8 4t^Jto- 
/Ufc. 3. 6 6*/W5*#/-A-i:« °- 9 3*/l^>* 
6. 8 0 EC4*^©HN0 3 SrS'&U ~6 0t 
-CI. SUflHaBWa. «t««:»»Ufc«, 

*-Cfi*fc;h.S. &K1 o±tSiat?3~5miror© 
«NB*bft;'A'*aBL SSE1 0&*&5~1 08>©WL 
150 0~5000rpm ©^140?^ 2>^«l- 

5»<Snfc»ligl SZMffrtZo El 
7K^*^fc^«-»e»^S»< Siifc'/^BIl 8«r*U 

[0 0 8 5] Bl^J6W(-IE«ci7't3-fe^w««-. — * 

LV\ »2 4B»IBSJ«ft2 6t:i:-*'6r4:K*9 st — 

*,<Dlotcj;»)s ^fwic#££i6i*6 
i^SixfcBIl 8SrS£*S-e£S. U4»U4*e>C*ifei 



±u i-^T©ifcffca 5 6fca i *<* 0? *^s I!iE '*~*«• 

»U4v»t5Ktt«ua:i**ttf*6*v\ Jfcfc. *1^ 
5. c©Hli£0il© ^BScsrsa©) 

1. 7 0t?fo5. 

10 0 8 61 *IB^©SB 4 ^KSW-itVtf. 2 7 8. 0 
ml©fh7*^7^ (TEOS) 6 1. 0 
ml©^Jto-A'i < 2 7 8. Oml©^/-* 
t, 22. 5ml©*fc, 0. 90mirolM©HNO 

3 tsris-&u -6 0^1. 5^raa«u lS»t«r^ 

TEOS 0. 84**©^!)*°-^- 4. 7 6 
^VOaL^-A't, 1- 2 5*M>*t, 9. IE© 
4*^©HN0 3 Sr«^L^ ~60«C-C1. 5B*IS»« 

feHS. S«l 0JliC*ta-C3~5ml©r©f(lK^K 
^EUIS10S»S~10^ 1500 
~5 0 0 0 r pm <C ©^ttgrSi"*^^ 

*£) tt^^^^U V>^<dW& l 4 «:J£#i~2>„ - 

-c^f-e**. -o^*^ 3 
=^<k fc-iy^nbii^tt, *i 4*»e,*^ 

J; 5 /ilS5Ett»R l 4 «rR* ^© ^ !> 

*U *<Snfc»Kl 8«rB*J«-*-5. 012Blt$« 

WJci-^-C© (|fii9 5%*fcl4*Het±©) **(W»tt 

5. 

loo8 7i sfu^jsw-sa*©?* 0 - 11 ** 5 *^ -« 
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oKJ:^ ift<*-^>^S 

^s^ss:*? 5 s« r^n^^ (^®& 

[0 0 8 8] **WOjS5**W£j:Jxr*. 609. 0 
ml^h7Xh^7y (TEOS) 61. 0 
m 1 <£>^yiru — J>Vk* 6 0 9. 0ml<Ox^y-;V 
49. 2ml<D7k£. 1. 9 7ml c7)lM<7)HNO 

gt^U -60t;ti. 5S*rai3S8fcU W.%L*J& 

j£-**So 2. 7 3^0 

TEOS^ 0. 8 4 -=t 7KE> ^ !J -feu— 10. 4 

^.yWD^y — /I't. 2. 7 3^e^07Ki:. 2. 0 0E 
^3^(0HNO3$:IS^U —6 Otm. 5B$R83t 

t?*RU tttt*«Ttt<>iv>. XaftJKK&iMRII: 

ta.£>bftSo S« 1 0 ±l^I-C 3 - 5 m 1 o r oiffi 
4Mt;/A«r$HEU S«l 0£r#J5-l O^cora, 15 
00~5000rpm (£ (D5i£l2^M^5J^I£K:jE £ 

»< £ix7U$flgl 8£?&fi£-rSo 012 
B«:HSWi-i"-<-C<D 0&9 5%&fcte^ft£JUb<£>) * 

i^S 0 £OJ; 5ftjK<D»«lcJ;!K -Kln»»rt"C^ 
{b&*£CS 0 

[0 0 8 9] m3nmM\Z.m$L<D7'u±*<D&\^ -« 
8li#?LK^S{*:i3J:T/?Lrt^$r^. lo£Lh<z>1&] 



Mulatto J: 5 (c. teift^-^^^i:!//*^!** 

[0 0 9 0] **L**««*&»J©«*-*-SJ:5^ 
^«#J»KxS*olt«r«fflt?#6. ®l h 
$ *tfc:/A'3&» i"-<T * / — A4* JKaM" S 
MHF-lcatt"* ^ y * 1 3 — A5W-©*AHs £ **V #*Jt 

v^7L^<o^y -fen— /v^a (— jricjkjo. 5 1 g/c 

cJ;9fc<fi;v>) tt. i^«»*fcttia»*lc«aB*:lfel^ 
$i£SM<a^&£jfc^£-rSo f&*\ *0«v^?L*0> 

So £©*5 4#ifcW:pH»MK ^«3£* 

[0 0 9 1] JigBOot ?IC. »#JSE**fi l *>*<^*>* 
J:9ifi5V^a5flCO^y-fen— (— *8:fc:fcJ0. 64 

iJi<^#So S?^LT:v*ftv*«>*— ^tr/h 

tt«UD**-e*><5. out-hit* ic^rttft) +#ft^~ 
So ^y-feo— ^»jfias<offl«-c«:. ^y-tru— a 

JfctfcLT) +#/h£<^#SO^<D#ffl^rtO£ r y-fc 

a->u*:»*u *«>k 
#<D#v^#&<ajSffl^r*, KjfcffiSMr^y-fco— a 
<7>^£9k±fc:±tfS;ii:lcJ:*K #4Hft^*K*A 

^_/ii^Jxii^b^V> (1^3<DMPaC0taa[-eJ5i:A/^ 

5Strt y -fe o — ^$r#(c^«:^>o < 0 ^< i: 5 J- 

^3K>^cJ:0ff^«r^y-K-rSd^ 

V^T ^ y * o — A^*^-f — ^-*"S w ^ <t o Tl^*t?# 

So ^y-feo— >^*R<fliicjF4>aA*— sic»»^-s 
^-^i-sra^^-^v-^fia^-c^v-^^ii* 

tcv>< e>d^^y"fen— /w«:3IA"C#Sd5 % AMM*!^ 
y -fe U/ir < T f>ff «|C ot o xm&&n< ft 

v\ Sfe<-*ttft«tf8t>«HII-r*i:5K:. BW3B»» 

^ <t s»«na£iftsr*ufflr s n ^ # uv\ 
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[0 0 9 2] yv^r^ay/McML^mr^ay/ut 

O^^Tin^KDllte^tCjintf, 2 0 8. 0ml 
<O^Y-7^Y^>^7^ (TEOS) t. 61. 0ml 
(O^'J-feo— /wt. 3. 5 60 10*^-^- 1 
6. 8ml(D*£, 0. 67ml01M©HN0 3 tSr 

a. rk*S«ffiW&*S*:-t-ntf, 0. 9 3*A<©TE 
OSt, 0. 8 4*^©/!)*°-^' 3 - 5 6 *'' v 
0. 9 3*^7K4r. 6. 80E©4 
^KOHN0 3 SrJB^U ~60ttl. 6 

tca=A&> =-9 / -a\ **xxm*i*M\*xmtz j * 

i,tK ?9W—A*>M*&tt-*wZ* 9})-tr>— A- 

«xira>**»«£cftv\ -©* > 

H©»fflLfc*ffi«^fcv''*^ 

< x t>y/Wta^< fcofc 9 . y/Hb*©*i*a^*v* 
[0 0 9 31 £©a»*. -y/uttyA-A-ca.rtatttKtt 

[0 0 9 4] £*tfcl*A*9. 'e-A-Kfcasatf-SttC 

o. sMwaiiTv****^****^**^*** 

[00951 -reuu *a-i*£ ©aw* L 
*>b<t*ie>. ttKoxm&m^izw&kftti.?^ ass 

TEOS©ttlC»3:I3r#U<\ £©#*»*. tf*»*.*M 



^,5 y x. a •y/w©S5g£rft!£-*"£. 

[0096] yMt&. stsy/n4#^@*' t:5Lrt * 

*fc«:mbS:®Pfl^8Srt-C»5»iail 3 0-1 5 ot: 

[oo9 7] - ro «i»>«o*-^^^«c*-A'K*»e,y 

A-***. *« h-**,**-*:^**!***©** 

[oo9 8] &mt-hm.mwfkti>^ , >^ »kw# 

v\ c«ftSI41Xl*fctt2^ Bt7t|i 
(H^ri-V*^**-*"*- ****** uvx - c©#8re 

rt©*f uv«* y -A-rtK**-*- *. 3~e ttmttKN 

ilUcUT**;'-**^**^***-*. r©»B»« 

We**. :=*/-/w*fcl**©«l©* 
[0 0 9 91 f£»*. rx B ^±*fctiTxu^ 

*aR]©M (fliuaoowiii s~6o^w) 

^^aa->7V (TMCS) > *s»t^t^?* 
V (HMDS) *fctt^*-9-7*=A-t?->'7-!f>'?S««r 

-C3!fr-e# 6. HMD S ttftiftSHfcyA'WTLW^BJc 
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[0100] ^^m<o^^>^v =—Mcm<5<Mte 

ffl|C**U2* ^JfCl :2. 4:1. 5:1:0. 0 
4 2tfb7X^i/i/7y (TEOS) , 
y=i-/K 7K*5J:tf§fc (IMCOHNO3) 

<7>7cOi^i££ 3 om&%<D^? ;—^<OW&tTZ>o - 

^Bfc:fi«>*. HifcSrO. 2 5MONH 4 OHiiOT 
(10 : lOSSW:) *»^MtS&t5. ^ 

15 00-5 00 0rpmt7^^U ;//V<Z>MBS 

ttr£{£^tf>-c, crisis? 9 a— >i^ojtKWtt#aii** 

dfeBttU ftHfcBli 8 ®1 

2Bft^/ — /KD«tf -T^r (ft 9 5 %*fcf«:*t£* 

[0 10 1] Kl 8tt^A-C?Lrt«#fc*H-ftV!l a 
^MBfctttc&fenfcftfc^i-So coitn (2£@*. 

[0 10 2] »BKE>»«y>H 8tt#3LttH 

nmio QXt-cmBavwr** 

^ * y/^rtlCAKS w i: l£ £ 9 HIM" «SP* u 
[0 10 3] 5Stt||t«j«#tta**:W:««2fl£**ffl«* 



8*«reft*. Ud*Uft*6. * 3 

[0 10 4] »W!G>8WE>**-»'>'* r 9 a^tcS^< 
Hlfc«fcJ;*Ltf. *A^Jt-Cl : 4 : 1 : 0. 0 4 2tr 
h?:nh*i/3'?:' (TEOS) , xfU^'Ja- 
A% **U:t« (IMOHNO3) *M>U -6 0t 

■ci. 5B*wa*t-a. r. i x^-vftmmiz. 

aeKl0lC3-5mLOiOttK»fI^A'«r (MKtJI 
M<£>BU£I-JSCT) 1 500-5000 rpm^^ 

^■f6. Bl2Btt:x^/^OIitft^ (#J9 5 
%*fcj«r*x»±> 

[0105] y/wta. woi«y>n 8tt#?LttH 

[0 10 6] 5Btt»tt««*a*fctt*«K*«2S*' 6 

£>Bil 8 w±#»*UV\ * 1<D 

[0 10 7] rOjft*W»Wtt. ««^«rt^>*-^ 
v^r«B-r»rk H16A. 16B. 16CI: 
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a, 2 4 itapy/uieawKJaitWLrtitffe**** ' 

10 10 8) 2 0 140 1 6 CCwt*5k 

g&2 6K«*»«I*"C*''^ wOStstsft^wtts 

2 4 tt**BV>-*i u-c, *fcg*£is 28k« 

VA-3 2©^fR&KJrt-**^-^3** fc bXat « 
-TS. 0H^tf->-/V2 4t4^W-V2 2»mS«-^9» 

1 mm*©** 3 2 ^ & 

3SK W lev— 'W" * *J ttX * v 
[0 10 9] *{t2 0ttr*oy/m«^»*^t*«>* 

< ©*-e*wi-e* a. £ 2 0 i^^as^* 

il^A-©*Il©**«** PIE*««*tW*'* 
b;h^«©**:"<-' e ±<'^S&*&** v *» 

10110] »]©=£»«■?»** 2 obsi 7 A* 5 * 1 * 

17BW*M*5K. XS:*<©«***tr^* 

■e* a. =. <ommw?K*<* 2 0 i«k»s^ 3 6 
t stta*«»*a 3 4 1 **tt. £©**«***«> 

2 4«r^«&-t-5^i:fc-P^2>) ©S'Jro^®*^^* 5 
TV** ^vA-3 2&KU.Si:¥iStt^<'--t-2 2 
t * 3 2 #«Mt* U io T»WW*« 3 

(0 111) Bl8A*Wl8BC»Sh8M«>»« 
fl^ttV-^ 2 4 tt^ffiJi^V- ► 2 2 **-~*>»' 



/8 6ift*s««iw»i't^. r:ncJ:9a«M 
3 4 

sivcv**. ^a^ftttvis*^- * 22© 
jMcsraMRttfcTif x^^r >~<-»b 3 0 -t^©®** 

[0 112] Ml 9 A. 19B, 19Ctt. 

*?^ffl^*:"<---©»J©4**** l '' cv% *' 
1 9A-cttS«2 6»fiAUfcl»**»** t ** -M ' 

V^. 121 9 B-C»»R2 6 

■Y t **fc* 1 &SJ^--^0*^ 

<fcoTV**. 

[0 1131 BHCtliWHl^*^ 46 
-3 2K. fc5#l««»*»4 4^*^2 

K-CMtt*-l ^i-6©fcWC««. £©**« 
5J-W^*K**^- 3 2*»b?Li««i*«>«» 0 
**<fct,-«*ll>** iotfWMMWt*"^ 

-r5©jct>«ffiT#*. J .« BB ,,^. 

[0 1141 »«s<os*«ia9, ^Z*™;Z 

©«■***** l^"***^ 
[0 1151 ^ 9 *B-A*J:tF*^^9 



-19- 



ot^ 9 *>lBv^»A*r*i-ft»JBI«>*»^ 

£r*pr58m. 4 0-8 0ttlW^> 

A/»i*WPU4v«»-ci oo-i so'trc&Si- 

2 7 Oti 9 t)Sv^§:tt5^J^t 

****>*ffi3fckfc*o ^^sooncio^iisvMJ^ 

*35$i^K-r«>6. HRte* i5^»ftiSatt3 6 oicfc 
9t>«v^l»jK; »*t<(i3 0 0tJ:Hiv«^ 

^iorntt^W^Witt, 17 0 — 2 5 

0 < t:^fflF^^*)2>^^ s fe2)-^> (TEOS 

[0 116] ^MJ^fc^^T^tf^a^^tf 

(tm^oMTSW^l (H»»»l) tteo'Cfc') 
t>«^BM5U ^U<«:4 0 , t:i:*) 1 b(g:V-»^^rbT 



[0 1171 ^y-tn— AtfaXlf^+WPV =>— A^> 

tt^BiJoWfflt UTfi, 1. 2, 4-^^>-h9^- 
/W; 1. 2, 3-^^^b9^— fr:#XTf2-**-A' 

— 1, 3-^o/<^t-/H 1-4, 1-4, Zf*> 

[oils] i&w^mm *^<»£o \^sm -r s ^ ^ 

*J»*ttiB*l/j:*»«rtf *>* < "C t>«T-C^ 
^ w^-c (4$lc:^ — £ 

< £fci^te<ft*£5Ki-^^*>*o 
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loii9l m*.j;m<r> , gW.W<om<omk btrt*. S£« 

HftlcSLfiy/H 8a>fc*&B*< Mft* 
*tt9HH9cKM. «t«HMDStS5t80-P. -© 

*S5k#$*i.-CV>5Cii:*s*»f f>HS. Si^UV^K** 

f-fl^'J^7^> (HMDS) , TfV^/Ui'on'yf^ 
(h9^Wnpi'7V (TMCS) . *?*f-fl'9* 

p( t-it-Vi/?^ *J**-A&* h*-W9X4S) - 7a 

JSKg^fc^P h x A y SiB (4 -»-v) 

V\ n-CPhtt?*^!^^ AttCl*fcttO 

p-^y, y n n ->7^ 7*— /v- (3-* 

^DO-^y, 7 »s^xf/ui?> o o y, 

Ut7a:=./WT lJ/Wv?^onV9>''6 5 *lf w*i/C> 



-^i^f^Dq-V?^ •;7x-yWf' 1 ' 
^bb^^ 5;7ss^> 

7 «fc U<S?7 3, =i/U^3i h^W? 

i, 8-';7»s*Ti-?j'^s;'/?fi'ti:«i» 

7/wto*-#Vltffi*ffflCtt. <3, 3, 3-h 
ij 7/utBT-B tf/w) m> > h v. ( ► 9 

y»*u-l. 1. 2. 2 -fh7tKo*W) ~ 
l-^f^fPV5V*J:»t Ko^V/vSt**" 

-r ^ 7 n * — * * ^ *• 

[0 12 0] lE/^^^^li^Offl^^*" 3 ^ 

r»4. Wdewftw^fc. 

10 l 2 1 1 *»Wtt*7Hfc**» «*-tf*BMfc^^* 

=t>A&«ffl-r*wi:t>^tf. 5Et*»wr±. 7K»<tr 

10 12 2] 3tc56Wt4»J<Hro«ffiBfeWxmSr^fT-r<&w 
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— ^^^^^ 

|£f ft 

s 7 .^vj,^^ WTEOS) , 1, 

1999. 1L16 60/006,852 T1-21620P 



„v KUt-v'J 3t;;» s foft.> 
I. ? Itffl*efe*-c<M** , ""' ; * S ' * mfbn 
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1996. 1.24 60/010.511 TI-Z1622P 
1995.11.16 60/006.853 TI-21623P 

1995. 11. 16 60/006,861 TI-21624P 

1996. 3. 4 60/012.764 TI-22177P 
1996. 3. 4 60/012.765 TI-22778P 
1996. 3. 4 60/012.763 TI-22179P 
1996. 3. 4 60/012.799 TI-22780P 
1996. 3.25 60/014.009 TI-22781P 
1996. 3.25 60/014.005 TI-22782P 
1996. 3.25 60/014.008 TI-22783P 
1996. 3.25 60/014.146 TI-2Z784P 



1996. 3. 4 60/012.800 TI-22788P 
1996. 7.31 60/022.842 TI-23260P 



1- J £?L«»*#*K*ffi** 

s 



[0 12 8] KJLJKD^^gaU. jticaT©***^" 

So 

(!) rxp^i^I^*^ >w*:«f 
#1 SSI ttlBRffifr^isttSAMR^^^ 

fc^MSt/ MKT y/wtt«»ft^. 
(2) ^JST/v=^>K. *tt<*t>-»«" , * d ** 

ioi29i o) mmxv*--***^ 111 -**** 

(4) trwa^ffrt^ww^**^ 1 ** 0 

(5) ttiia^^^^^^^"*"^^^ 1 ^* 10 



^wsfi-ti-sn^icy^^firr 

X ^O^/Ht^l : 2-1 2 : 1 fi(fee#2 

(6) ttCKS^rt^^W^*^ 6 *** 1 **^ 
5^7-0% A4t£* 1 : 4 — 4 : ltf>ra"Cifc>2K ttJfaS8 2*£ 

£*.<D*/Wt#2. 5:1-12: l©WCfc** *B 
[0130] (8) ttBBUSfW^b^h*^^ 

^9) tJCBS^yb^^b^^^fc*. *M& 
(10) «Bfh9*W^^4<fct«»« 
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(11) 3EK***tr. tWE»2«E««>7'*t»y>^ 

(12) #iia5Bms9*w^ , - ,:J - / ^* >5 ' m 

d4) WBM2**»r»=-*'-e*>*° m&mi * 
(i s) tfiiE^2^*5^/-/v-efe2>. twewi d 

(16) pMOWttEfc**. WE»2WW>r* 

(17) ItSC^ ««2«l!«or«^ 

(l 8) «WWrc**» ^ l i****> T ~ 
d9) fiHia-y ^ « p h as 3 ~ s coiw-cfo 5 , me* 2 

10 13 1] (2 0) y/Mfc*******' tWB*2 

(2i) gnawii»!«* s *^ 7 ^*^' ;7jUTfoS ^ 

(2 2) t»E^<OpH#7~9«>M-CS>a, SiltBSB2 
(2 3) iWSy/l^Mtttt*!-***^* 7 ^^* 

(2 4) aifa:/^©tttt* J i~ 5 *^* 7X ^ fo ^ 
anas 2 *ne*«>«i wwr'** 

(2 5) tWEBE«#* J »»*' , J*' "^U^?* 

to i 3 2] (26) **< fc*-W***»**;* 
(27) f«»ww»^tt»*J;^Jj; 

-,KO*/VJt*Sl :16~12: 1©WC*>*, TOW* 

2 6«fB*«or=oy/v#i^K^/w 

10133] (28) VP->«T*»y^J«J« 

10 1 3 4 1 (3 0) '>*< * t,-«**J»*»»*^ fc 
*,Vtfctfl : 16-12 : 1 ©ITC**. 3 0 * 



^3 2^^^-^^^^^'^°-^ 
*/Ht*l : 4-4 : 1 fiirtES 3 0*«* 

[0 13 5] (3 3) ttUrttSTX-y^WW 

«,>Wtl»2. 5:l~12: 
2 4 _^M>*~/W: 1. 2. 3-^ yhJ * 

KO ;^^) -i. 3. ^^^-i^ 1 : 

******** *ntu — 
u y/Mfci~ wa-eJBKUBe*-*-'^^ 1 - 

[03] ^-y*?Ll^!>*««*®**®* ,L *^ " 
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[1218] jaSl^t 5MttO^|L$:^t^7 

So 

[0 9] 5mmJf:<o^^T®:iftUfc»&^*^^*B 

[010] lmmJ?^«rt-Ce»bfc^^?PK^lR 

[ii i] a**^*/-/^*^*^-^^* 13 

[012] iWBEfcfltt^SlWa^tf^a ^<0. v^ 

[®i 3] ^^i^fe^^y^sns^*^^^ 

[014] *5BWic«*>*"^>'#^WS**^* ?L * 

[01] 



[015] *55WO— l!16«Ol«M«c«i-6«»tt*K 
[016] Att*»Wlc«t>6y^y^R«!«36« 

<£>«tBr®0-C;fcSo 

[017] AttSfcftotv^5, #S5Wc«fc>aS»J*>K 
£SiJ<a$Sa<£>®gr®0 "C*> 

[018] Attffifcft-DTV**. jW»ifc«*>6»J*>S6 

fc> Z> SiJ£>^@tf>StBr@ 0^C & S o 
[019] **W<o»J<D«««r*i-»J«>«Jt«)*tt«>« 

Er®0-C*>5o 
10 

1 2 m& 

13 

14 MK 

[02] 
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[15] 



(06) 




-26- 



1121 1] 



[mi 2] 



(CPS) 10 
1 

0.1 




\k mk iox 35 bS lobex 
>1 




0 0.2 0.4 a6 OJB 1 

B 



16 



13 14 13 

Ifi 




IH1 3] 



„J , 

' 3-" -, 



v 



-7">5>vV 
V 



, 3^^^, 

r r viT< eSv^- -T*^ £f_ I r J v * * 

1 , 

<L 1 i + - . 



\ 



4 



314] 
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mi si 



[El 71 




IH1 9] 



26 26 36 32 



dp 



24 







22 


t 




30 












30 — v 26 


42 








1 




M 




i 


22 11 


22 


1 





36 32 



u>f 4809 

^ry— K7^f^ 2508 
^ij— ^ 12219 



<72)$Bfl# 
(72)5S^# 

<72)3B9!# 



K7-T^ 3321 

9^9, m*-f-. V/w<- T'*-* 
— 1800 

^v*, 3i5tW-, *- a 7517 
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